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ABSTRACT
We present a systematic numerical relativity study of the mass ejection and the associated electro-
magnetic transients and nucleosynthesis from binary neutron star (NS) mergers. We find that a few
10−3M of material are ejected dynamically during the mergers. The amount and the properties of
these outflow depend on binary parameters and on the NS equation of state (EOS). A small fraction
of these ejecta, typically ∼10−6M, is accelerated by shocks formed shortly after merger to veloci-
ties larger than 0.6 c and produces bright radio flares on timescales of weeks, months, or years after
merger. Their observation could constrain the strength with which the NSs bounce after merger and,
consequently, the EOS of matter at extreme densities. The dynamical ejecta robustly produce second
and third r-process peak nuclei with relative isotopic abundances close to solar. The production of
light r-process elements is instead sensitive to the binary mass ratio and the neutrino radiation treat-
ment. Accretion disks of up to ∼0.2M are formed after merger, depending on the lifetime of the
remnant. In most cases, neutrino- and viscously-driven winds from these disks dominate the overall
outflow. Finally, we generate synthetic kilonova light curves and find that kilonovae depend on the
merger outcome and could be used to constrain the NS EOS.
Keywords: Stars: neutron – Nuclear reactions, nucleosynthesis, abundances
1. INTRODUCTION
Merging neutron stars (NSs) are loud gravitational
wave (GW) sources and power bright electromagnetic
(EM) transients, as recently demonstrated by GW170817
(Abbott et al. 2017d, 2018b, 2017e,c; Arcavi et al. 2017;
Coulter et al. 2017; Drout et al. 2017; Evans et al. 2017;
Hallinan et al. 2017; Kasliwal et al. 2017; Nicholl et al.
2017; Smartt et al. 2017; Soares-Santos et al. 2017; Tanvir
et al. 2017; Troja et al. 2017; Mooley et al. 2017; Ruan
et al. 2018; Lyman et al. 2018). AT2017gfo, the EM
counterpart to GW170817, had a UV/optical/infrared
component with blackbody-like spectrum that has been
interpreted as the result of the radioactive decay of about
0.05 M of material ejected during and shortly after the
merger (Chornock et al. 2017; Cowperthwaite et al. 2017;
Drout et al. 2017; Nicholl et al. 2017; Tanaka et al. 2017;
Tanvir et al. 2017; Utsumi et al. 2017; Perego et al. 2017a;
Villar et al. 2017; Waxman et al. 2017; Metzger et al.
2018; Kawaguchi et al. 2018). Non thermal emissions
from the radio to the γ-ray bands was also observed.
The origin of this EM component are less clear, but re-
cent observations point to the presence of synchrotron
radiation generated by a relativistic jetted outflow inter-
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acting with the interstellar medium (ISM; Abbott et al.
2017c; Kasliwal et al. 2017; Margutti et al. 2017; Mooley
et al. 2017; Lazzati et al. 2018; Kim et al. 2017; Margutti
et al. 2018; Nakar & Piran 2018; Hotokezaka et al. 2018b;
Resmi et al. 2018; Alexander et al. 2018; Barkov et al.
2018; Mooley et al. 2018; Ghirlanda et al. 2018).
These groundbreaking observations are being used to
constrain general relativity (GR; Lombriser & Taylor
2016; McManus et al. 2016; Abbott et al. 2017c; Baker
et al. 2017; Visinelli et al. 2018; Pardo et al. 2018), cos-
mological parameters (Abbott et al. 2017a; Hotokezaka
et al. 2018c), the equation of state (EOS) of NSs (Mar-
galit & Metzger 2017; Shibata et al. 2017a; Rezzolla et al.
2018; Ruiz et al. 2018; Bauswein et al. 2017; Annala et al.
2018; Radice et al. 2018c; Fattoyev et al. 2018; Pascha-
lidis et al. 2018; Drago et al. 2018; Most et al. 2018b; De
et al. 2018; Tews et al. 2018; Malik et al. 2018; Abbott
et al. 2018a; Tsang et al. 2018; Hinderer et al. 2018; Wei
et al. 2018; Nandi et al. 2018), and the origin of short
γ-ray bursts (SGRBs; Abbott et al. 2017c; Mooley et al.
2017; Lazzati et al. 2018; Finstad et al. 2018; Beniamini
et al. 2018), among others.
NS mergers also generate neutron-rich outflows that
are thought to be a likely site for the production
of r-process nuclei (Lattimer & Schramm 1974; Sym-
balisty & Schramm 1982; Meyer 1989; Eichler et al.
1989; Freiburghaus et al. 1999; Goriely et al. 2011;
Korobkin et al. 2012; Wanajo et al. 2014; Just et al.
2015; Thielemann et al. 2017). This is supported
by the UV/optical/infrared follow up observations to
GW170817 (e.g., Kasen et al. 2017; Rosswog et al. 2018;
Hotokezaka et al. 2018a). The observed signals are
thought to have been produced by the decay of radioac-
tive isotopes produced during the r-process. However,
uncertainty persists on the exact rates and nucleosyn-
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2thetic yields from mergers. These needs to be addressed
by future observations and theoretical studies.
Numerical simulations are the cornerstone to the
modeling of multimessenger signatures and nucleosyn-
thetic yields from NS mergers. Binary NS mergers
are essentially multi-physics problems, involving strong-
field gravity, strongly interacting matter, relativistic
(magneto-)hydrodynamics, and neutrino transport. Due
to the complexity of the problem, most previous binary
NS merger simulations either employed an approximate
treatment for the gravitational field of the NSs (Ruffert
et al. 1996; Rosswog et al. 1999; Rosswog & Davies 2003;
Rosswog & Liebendoerfer 2003; Rosswog et al. 2003;
Oechslin et al. 2006; Rosswog et al. 2013; Korobkin et al.
2012; Bauswein et al. 2013), or included general relativis-
tic (GR) effects, but compromised on the treatment of
NS matter (Shibata & Uryu 2000; Shibata et al. 2003,
2005; Baiotti et al. 2008; Kiuchi et al. 2010; Rezzolla
et al. 2010, 2011; Hotokezaka et al. 2011, 2013b; Palen-
zuela et al. 2013; Hotokezaka et al. 2013a; Ruiz et al.
2016; Dietrich et al. 2017b,a). In the last few years,
however, full-GR simulations with a microphysical treat-
ment of NS matter and with different levels of approx-
imation for neutrino-radiation effects have also become
available (Sekiguchi et al. 2011, 2015; Palenzuela et al.
2015; Radice et al. 2016b; Lehner et al. 2016; Sekiguchi
et al. 2016; Foucart et al. 2016b; Bovard et al. 2017).
Merger simulations have clarified the mechanisms driv-
ing the mass ejection and highlighted the importance of
neutrino effects. Complementary studies on the long-
term evolution of merger remnants also revealed the im-
portance of the magnetically-, neutrino-, and viscously-
driven secular outflows (Dessart et al. 2009; Metzger
et al. 2008, 2009; Lee et al. 2009; Ferna´ndez & Met-
zger 2013; Siegel et al. 2014; Just et al. 2015; Metzger &
Ferna´ndez 2014; Perego et al. 2014; Martin et al. 2015;
Wu et al. 2016; Siegel & Metzger 2017; Lippuner et al.
2017; Fujibayashi et al. 2017, 2018; Siegel & Metzger
2018; Metzger et al. 2018; Ferna´ndez et al. 2018). These
might in some cases dominate the nucleosynthetic yields
and produce the bulk of the thermal radiation from NS
mergers. However, quantitative questions remain con-
cerning the dependency of the multimessenger emissions
and of the r-process production on the binary parameters
and the EOS. Indeed, most previous studies considered
only several binary configurations, with the exception of
Hotokezaka et al. (2013a) and Dietrich et al. (2017b,a),
who however used an ideal-gas prescription to approx-
imate thermal effects in the NS matter, and Bauswein
et al. (2013) who used temperature dependent micro-
physical EOS, but adopted an approximate treatment of
gravity and neglected weak reactions.
In this work, we present a systematic study of the
mass ejection, nucleosynthetic yields, and EM counter-
parts of NS merger based on 59 high-resolution numer-
ical relativity simulations. We employ four microphys-
ical temperature-dependent nuclear EOSs and include
the impact of neutrino losses. We consider total binary
masses between 2.4M and 3.4M and mass ratios be-
tween 0.85 and 1. Our datasets also includes 13 simula-
tions with an effective treatment of neutrino reabsorption
and 6 simulations with viscosity. We quantify the depen-
dency of dynamical ejecta mass and intrinsic properties
on the binary parameters and NS EOS. We compute
nucleosynthetic yields for the dynamical ejecta and show
that second and third r-process peaks are robustly pro-
duced with relative isotopic abundances close to solar,
while the production of light r-process elements is sensi-
tive to the binary mass ratio and the treatment of neu-
trino radiation. We estimate kilonova light curves and
show that their properties depend on the lifetime of the
merger remnant. We also compute the expected radio
signal from the interaction between the ejecta and the
ISM. This signal could be used to probe the strength of
the shocks generated after merger and, thus, indirectly
the EOS of matter at extreme densities and tempera-
tures. Our simulations also reveal a new outflow mecha-
nism operating in unequal mass binaries and enabled by
viscosity. These “viscous-dynamical” ejecta are launched
due to the thermalization of mass exchange streams be-
tween the secondary and the primary NS shortly before
merger and is discussed in more detail in a companion
paper (Radice et al. 2018b).
The rest of this paper is organized as follows. Sec-
tion 2 summarises the numerical methods and the initial
data employed for the simulations. Section 3 discusses
dynamical and secular mass ejection. Section 4 reports
on our r-process nucleosynthesis calculations and yields.
Section 5 is dedicated to the discussion of the EM coun-
terparts from binary NS mergers, focusing on the kilo-
nova signal and on the radio remnant powered by the
interaction of the ejecta with the ISM.
Section 6 is dedicated to discussion and conclusions.
Finally, Appendices A and B present a discussion of fi-
nite resolution effects and implementation details of the
viscosity treatment employed by the simulations.
2. METHODS
2.1. Initial Data
We construct initial data in quasi-circular orbit us-
ing the Lorene pseudo-spectral code (Gourgoulhon et al.
1999). The initial separation between the NSs is set to
40 km, corresponding to ∼2−3 orbits before merger. The
EOSs used for the initial data are constructed from the
minimum temperature slice of the EOS table used for
the evolution assuming neutrino-less beta-equilibrium.
To create the initial data tables we also subtract from
the pressure the contribution of photon radiation, which
dominates at the lowest densities due to the assumption
of constant temperature. When reading the initial data
in the evolution code we set the electron fraction accord-
ing to the beta equilibrium condition, and we reset the
specific internal energy according to the minimum tem-
perature slice in the EOS table used for the evolution.
Small errors in the initial data and in the mapping from
the zero to the finite temperature EOSs induce small os-
cillations in the NSs prior to merger. We quantify these
in terms of the relative change of the central density of
the stars which we find typically to be . 2−3%.
2.2. General-Relativistic Hydrodynamics
We evolve the initial data using the WhiskyTHC code
(Radice & Rezzolla 2012; Radice et al. 2014a,b, 2015).
WhiskyTHC separately evolves the proton and neutron
number densities
∇µ(np,nuµ) = Rp,n , (1)
3where np = Yen is the proton number density, nn is the
neutron number density, n = np+nn is the baryon num-
ber density, uµ the fluid four-velocity, and Ye is the elec-
tron fraction of the material. Rp = −Rn is the net lepton
number deposition rate due to the absorption and emis-
sion of neutrinos and anti-neutrinos (see Section 2.3).
We model NS matter as a perfect fluid with stress en-
ergy tensor
Tµν = (e+ p)uµuν + pgµν , (2)
where e is the energy density and p the pressure. We
solve the Euler equations for the balance of energy and
momentum
∇νTµν = Quµ , (3)
where Q is the net energy deposition rate due to the
absorption and emission of neutrinos (see Section 2.3).
WhiskyTHC discretizes Eqs. (1) and (3) using high-
resolution shock-capturing (HRSC) schemes. For the
simulations presented in this work we use a central
Kurganov-Tadmor type scheme (Kurganov & Tadmor
2000) employing the HLLE flux formula (Einfeldt 1988)
and non-oscillatory reconstruction of the primitive vari-
ables with the MP5 scheme of Suresh (1997). For numer-
ical reasons we embed the NSs in a low density medium,
with ρ0 = mb n ' 6 × 104 g cm−3, where mb is the
atomic mass unit. We use the best available numerical
schemes for the treatment of low density regions and for
the advection of the fluid composition. We employ the
positivity-preserving limiter from Radice et al. (2014b) to
ensure rest-mass conservation even in the presence of the
artificial density floor, and we use the consistent multi-
fluid advection method of Plewa & Mu¨ller (1999) to en-
sure separate local conservation of the proton and neu-
tron number densities. Furthermore, we extract the out-
flows properties when the density is still several orders of
magnitude higher than that of the artificial atmosphere.
The spacetime is evolved using the Z4c formulation of
Einstein’s equations (Bernuzzi & Hilditch 2010; Hilditch
et al. 2013) as implemented in the CTGamma code (Poll-
ney et al. 2011; Reisswig et al. 2013b), which is part of
the Einstein Toolkit (Lo¨ffler et al. 2012). CTGamma im-
plements fourth-order finite-differencing of the equations
and we use fifth-order Kreiss-Oliger dissipation to ensure
the nonlinear stability of the evolution (Kreiss & Oliger
1973). The coupling between the hydrodynamics and
the spacetime evolution is handled using the method of
lines (MoL). We adopt the optimal strongly-stability pre-
serving third-order Runge-Kutta scheme (Gottlieb et al.
2008) as time integrator. The timestep is set accord-
ing to the speed-of-light Courant-Friedrichs-Lewy (CFL)
condition with CFL factor 0.15. We remark that nu-
merical stability only requires the CFL to be less than
0.25. However, the smaller value of 0.15 is necessary to
guarantee the positivity of the density when using the
positivity-preserving limiter implemented in WhiskyTHC.
Our simulations domain covers a cube of 3,024 km in
diameter whose center is at the center of mass of the
binary. Our code uses Berger-Oliger conservative adap-
tive mesh refinement (AMR; Berger & Oliger 1984) with
sub-cycling in time and refluxing (Berger & Colella 1989;
Reisswig et al. 2013a) as provided by the Carpet module
of the Einstein Toolkit (Schnetter et al. 2004). We
setup an AMR grid structure with 7 refinement levels.
Table 1
Weak reaction rates and references for their implementation. We
use the following notation ν ∈ {νe, ν¯e, νx} denotes a neutrino, νx
denote any heavy-lepton neutrino, N ∈ {n, p} denotes a nucleon,
and A denotes a nucleus.
Reaction Reference
νe + n↔ p+ e− Bruenn (1985)
ν¯e + p↔ n+ e+ Bruenn (1985)
e+ + e− → ν + ν¯ Ruffert et al. (1996)
γ + γ → ν + ν¯ Ruffert et al. (1996)
N +N → ν + ν¯ +N +N Burrows et al. (2006)
ν +N → ν +N Ruffert et al. (1996)
ν +A→ ν +A Shapiro & Teukolsky (1983)
The finest refinement level covers both NSs during the
inspiral and the remnant after the merger and has a typi-
cal resolution of h ' 185 m. For selected binaries, we also
perform simulations with finest grid resolution of 123 m
and 246 m. See Table 2 for a summary of our models.
2.3. Neutrino Leakage Scheme
We treat compositional and energy changes in the
material due to weak reactions using a leakage scheme
(Galeazzi et al. 2013; Radice et al. 2016b; see also van
Riper & Lattimer 1981; Ruffert et al. 1996; Rosswog
& Liebendoerfer 2003; O’Connor & Ott 2010; Sekiguchi
2010; Neilsen et al. 2014; Perego et al. 2016; Ardevol-
Pulpillo et al. 2018 for other implementations). Our
scheme tracks reactions involving electron νe and anti-
electron type ν¯e neutrinos separately. Heavy-lepton neu-
trinos are lumped together in a single effective specie
labeled νx. We account for the reactions listed in Ta-
ble 1. We use the formulas from the references listed in
the tables to compute the neutrino production rates Rν ,
ν ∈ {νe, ν¯e, νx}, the associated energy release Qν , and
neutrino absorption κν,a and scattering κν,s opacities.
In doing so, we assume that the neutrinos follow Fermi-
Dirac distributions with chemical potentials obtained as-
suming beta-equilibrium with thermalized neutrinos as
in Rosswog & Liebendoerfer (2003). Following Ruffert
et al. (1996), we also distinguish between the number
density weighted opacities κ0ν,a and κ
0
ν,s that determine
the rate at which neutrinos diffuse out of the material,
and the energy density weighted opacities κ1ν,a and κ
1
ν,s
that determine the rate at which energy diffuses out of
the material due to the loss of neutrinos.
The total neutrino opacities καν,a+κ
α
ν,s, with α ∈ {0, 1},
are used to compute an estimate to the optical depth
ταν following the scheme of Neilsen et al. (2014), which
is well-suited to the complex geometries present in NS
mergers. We use the optical depth to define effective
emission rates as Ruffert et al. (1996):
Reffν =
Rν
1 + t0diff (t
0
loss)
−1 , (4)
where we have introduced the effective diffusion time tdiff
t0diff = D
(τ0ν )
2
κ0ν,a + κ
0
ν,s
, (5)
the neutrino emission timescale
t0loss =
Rν
nν
, (6)
4and nν is the neutrino number density computed assum-
ing beta-equilibrium with neutrinos. The constant D is a
tuning parameter that we set to 6. The effective energy
emission rates Qeffν are computed along the same lines,
but using τ1ν and κ
1
ν,a, κ
1
ν,s instead of τ
0
ν , κ
0
ν,a, and κ
0
ν,s,
respectively.
Neutrinos are split into a trapped component ntrapν and
a free-streaming component nfsν . Free-streaming neutri-
nos are emitted according to the effective rate Reffν of Eq.
(4) and with average energy Qeffν /R
eff
ν and then evolved
according to the M0 scheme we introduced in Radice
et al. (2016b) and that is briefly summarized below. In
our implementation the pressure due to the trapped neu-
trino component is neglected, since it is found to be
unimportant in the conditions relevant for NS mergers
(Galeazzi et al. 2013).
The M0 scheme evolves the number density of the free-
streaming neutrinos assuming that they move along ra-
dial null rays with four vector kα normalized so that
kαuα = −1. Under these assumptions it is possible to
show that that the free-streaming fluid rest frame neu-
trino number density nfsν satisfies (Radice et al. 2016b)
∇α[nfsν kα] = Reffν − κeffν,anfsν , (7)
where Reffν is the effective luminosity from Eq. (4) and
the effective absorption rates are defined as
κeffν,a = e
−τ0ν
(
Efsν
Eβν
)2
κ0ν,a . (8)
We have also introduced the average energy of free-
streaming neutrinos Efsν and the average neutrino en-
ergy in beta-equilibrium Eβν , both defined in the fluid
rest frame. Note that in the simulations we reported in
Radice et al. (2016b) the term in parenthesis on the right
hand side of Eq. (8) was neglected. We report a compar-
ison of results obtained with and without the inclusion
of this term in Sec. 4.1.
Our scheme estimates the free-streaming neutrino en-
ergy under the additional assumption, only approxi-
mately satisfied in our simulations, of stationarity of the
metric. Accordingly, ∂t is assumed to be a Killing vector
so that pαν (∂t)α, p
α
ν being the neutrinos four-momentum,
is a conserved quantity. Under this assumption it is pos-
sible to show that the average free-streaming neutrino
energy satisfies (Radice et al. 2016b)
kt∂t(E
fs
ν χ) + k
r∂r(E
fs
ν χ) =
χ
nfsν
(
Qeffν − Efsν Reffν
)
, (9)
where χ = −kα(∂t)α.
In the simulations in which it is employed the M0
scheme is switched on shortly before the two NSs collide,
when neutrino matter interactions start to become dy-
namically important. We solve Eqs. (7) and (9) on a uni-
form spherical grid extending to 512G/c2M ' 756 km
and having nr × nθ × nφ = 3096× 32× 64 grid points.
The coupling between neutrinos and matter is treated
using an operator split approach discussed in detail in
Radice et al. (2016b). The source terms for Eqs. (1) and
(3) are, respectively,
Rp = (κ
eff
νe,an
fs
νe − κeffν¯e,anfsν¯e)− (Reffνe −Reffν¯e ) , (10)
and
Q = (κeffνe,an
fs
νeEνe + κ
eff
ν¯e,an
fs
ν¯eEν¯e)
− (Qeffνe +Qeffν¯e +Qeffνx ) .
(11)
The M0 scheme is more approximate than the
frequency-integrated M1 scheme adopted by, e.g.,
Sekiguchi et al. (2015) and Foucart et al. (2015). How-
ever it has the advantage of computational efficiency, it
includes gravitational and Doppler effects, albeit in an
approximate way, and does not suffer from unphysical ra-
diation shocks in the important region above the merger
remnant that instead plagues M1 schemes (Foucart et al.
2018a).
2.4. Viscosity
Our simulations do not include magnetic fields, so we
cannot model the possible emergence of magnetically
driven outflows and jets after the merger (Rezzolla et al.
2011; Bucciantini et al. 2012; Siegel et al. 2014; Ruiz
et al. 2016; Metzger et al. 2018). Moreover, we cannot
self-consistently treat the transport of angular momen-
tum in the merger remnant, which is primarily due to
magnetic stresses (Duez et al. 2006; Kiuchi et al. 2014;
Guilet et al. 2017; Kiuchi et al. 2018). We leave the
treatment of jets and relativistic winds, which necessar-
ily requires high-resolution general-relativistic magneto-
hydrodynamics (GRMHD) simulations, to future work.
On the other hand, we study the range of possible ef-
fects due to the angular momentum transport by means
of an effective viscosity which we include in a subset of
our simulations. The use of this approach has not yet
been fully validated for NS merger simulations. How-
ever, this approach has been found to reproduce some of
the main features of the MHD dynamics in the context
of post-merger accretion disks (Ferna´ndez et al. 2018).
More specifically, we use the general-relativistic large
eddy simulations method (GRLES; Radice 2017) to ex-
plore the impact of subgrid-scale turbulent angular mo-
mentum transport. Accordingly, we decompose the
stress energy tensor of the fluid Tµν as
Tµν = Enµnν + Sµnν + Sνnµ + Sµν , (12)
where
E = Tµνn
µnν = ρhW 2 − p , (13)
Sµ = −γµαnβTαβ = ρhW 2vµ , (14)
Sµν = γµαγµβT
αβ = Sµvν + pγµν + τµν , (15)
and nµ is the normal to the space-like slice hyper-surface,
while γµν , v
µ, and W are, respectively, the spatial met-
ric, the three-velocity, and the Lorentz factor. τµν is a
purely spatial tensor representing the effect of subgrid
scale turbulence. As in Radice (2017), we use the follow-
ing ansatz for τij :
τij = −2νT (ρ+ p)W 2
[
1
2
(
Divj +Djvi
)− 1
3
Dkv
kγij
]
,
(16)
where ν
T
= `mixcs is the turbulent viscosity, cs is the
sound speed, Di denotes the covariant derivative compat-
ible with the spatial metric, and `mix is a free parameter
we vary to study the sensitivity of our results to turbu-
lence. In the context of accretion disk theory turbulent
510 11 12 13 14
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Figure 1. NS masses and radii predicted by the EOSs considered
in this study. The BHBΛφ and DD2 EOS predict the same radii
for NSs less massive than ∼1.5M. BHBΛφ predicts smaller radii
for more massive NSs and a smaller maximum mass. The LS220
and SFHo EOSs have similar maximum masses and similar com-
pactness close to the maximum mass. However, LS220 predicts
radii almost 1 km larger than SFHo for a canonical 1.4M NS.
viscosity is typically parametrized in terms of a dimen-
sionless constant α linked to `mix through the relation
`mix = α cs Ω
−1, where Ω is the angular velocity of the
fluid (Shakura & Sunyaev 1973). Recently, Kiuchi et al.
(2018) performed very high resolution GRMHD simula-
tions of a NS merger with sufficiently high seed magnetic
fields (1015 G) to be able to resolve the magnetorotational
instability (MRI) in the merger remnant and reported
averaged α values for different rest-mass density shells.
Combining their estimate of α with values of cs and Ω
from our simulations we find values of `mix = 0−30 m.
Here, we conservatively vary `mix between 0 (default; no
subgrid model) and 50 m (very efficient angular momen-
tum transport).
WhiskyTHC consistently includes the contributions of
τµν to the fluid stress energy tensor in the calculation
of the right hand side of the metric and fluid equa-
tions. Flux terms resulting from the inclusion of τµν need
to be treated with care, because a naive application of
Godunov-type methods would result in a scheme suffer-
ing from an odd-even decoupling instability (e.g., Lowrie
& Morel 2001). WhiskyTHC uses a proper combination
of left and right biased finite-differencing operators to
discretize terms arising from the derivatives of τµν in a
flux-conservative fashion. The details are given in Ap-
pendix B.
2.5. Models
For our survey we consider four different nuclear EOS:
the DD2 EOS (Typel et al. 2010; Hempel & Schaffner-
Bielich 2010), the BHBΛφ EOS (Banik et al. 2014), the
LS220 EOS (Lattimer & Swesty 1991), and the SFHo
EOS (Steiner et al. 2013). These EOSs predict NS
maximum masses and radii within the range allowed
by current astrophysical constraints, including the re-
cent LIGO/Virgo constraint on tidal deformability (Ab-
bott et al. 2017d, 2018b; De et al. 2018; Abbott et al.
2018a). The LS220 EOS is based on a liquid droplet
Skyrme model while the other three EOSs are based
on nuclear statistical equilibrium with a finite volume
correction coupled to a relativistic mean field theory for
treating high-density nuclear matter. DD2 and SFHo use
different parameterizations and values for modeling the
mean-field nuclear interactions. The BHBΛφ EOS uses
the same nucleon interactions as the DD2 EOS, but also
includes interacting Λ hyperons that can be produced at
high density and soften the EOS.
Although these EOSs differ in many aspects, including
their finite temperature properties and their dependence
on the neutron richness of the system, we can gener-
ally characterize them by the TOV solutions they pre-
dict, which we show in Fig. 1. SFHo, LS220, DD2, and
BHBΛφ support 2.06, 2.06, 2.42, and 2.11 M cold, non-
rotating maximum NS masses and have R1.4 of 11.9, 12.7,
13.2, and 13.2 km, respectively. Since NS radii corre-
late with the pressure at roughly twice saturation den-
sity (Lattimer 2012), we refer to EOSs having smaller
R1.4 as being “softer” and to EOSs having larger R1.4 as
being stiffer. Although all four models have saturation
density symmetry energies within experimental bounds,
LS220 has a significantly steeper density dependence of
its symmetry energy than the other models. In all mod-
els, the finite temperature behavior of the EOS is mainly
determined by the nucleon effective mass, with smaller
effective masses leading to higher temperatures for con-
stant entropy. The LS220 EOS assumes that the nucleon
mass is the bare nucleon mass at all densities, while SFHo
has m∗N/mN = 0.76 at saturation density, and both DD2
and BHBΛφ have m∗N/mN = 0.56, where m
∗
N is the ef-
fective nucleon mass and mN is the bare nucleon mass.
We considered 35 distinct binaries with total masses
M ∈ [2.4, 3.4]M and mass ratios in the range q ∈
[0.85, 1]. All binaries have been simulated using the leak-
age scheme discussed above, selected binaries have also
been simulated with the M0 scheme, at different reso-
lutions, and/or with viscosity, for a total of 59 simu-
lations. A summary of all simulations and key results
is given in Table 2. Each run is labelled after the em-
ployed EOS, the masses of the two NSs at infinite sep-
aration, the simulated physics, the value of the mixing
length `mix in meters, if larger than zero, and, in the
case of binaries run at multiple resolutions, the resolu-
tion (LR: low resolution, HR: high resolution). For exam-
ple, LS220 M140120 M0 L25 is a binary with NSs masses
1.4M and 1.2M that was simulated with the LS220
EOS, employing the M0 scheme, with `mix = 25 m, and
run at our standard resolution h = 185 m. We will make
all of our GW waveforms publicly available as part of the
CoRe catalog (Dietrich et al. 2018).
We simulate all binaries for at least 20 ms after the
merger, or until few milliseconds after black hole (BH)
formation if this occurs earlier. With the exceptions of
the runs including viscosity, which we discuss in more
details in a companion paper (Radice et al. 2018b), the
outflow rate, precisely defined in Sec 3, has dropped to
zero at the end of our simulations. Our models include
binaries spanning all range of possible outcomes pre-
dicted for NS binary mergers (e.g., Shibata 2016). Some
of our binaries produce BHs promptly at the time of
the merger, others produce hypermassive neutron stars
(HMNSs) that collapse on time scales of several millisec-
onds (Baumgarte et al. 2000; Shibata & Taniguchi 2006;
Baiotti et al. 2008; Sekiguchi et al. 2011; Bernuzzi et al.
2016), or long-lived massive NS remnants, expected to
be stable on secular timescales or, in some cases, indefi-
nitely (Giacomazzo & Perna 2013; Foucart et al. 2016a;
Radice et al. 2018a). Table 2 reports the time to BH for-
6mation in milliseconds from the merger tBH, or a lower
limit if the central object does not collapse within the
simulation time.
3. MASS EJECTION
Tidal interactions and shocks exerted on the NSs close
to the time of merger trigger the ejection of material on
a dynamical time scale, the so called dynamical ejecta
(e.g., Hotokezaka et al. 2013b; Bauswein et al. 2013;
Radice et al. 2016b). Dynamical ejecta mass and av-
erage properties are reported in Table 2. In simulations
that do not include viscosity the outflow rate drops to
zero few milliseconds after the merger. However, it is
expected that more material will become unbound from
the remnant on longer timescales, due to magnetic ef-
fects and/or nuclear recombination (e.g., Ferna´ndez &
Metzger 2013; Perego et al. 2014; Siegel & Metzger 2017;
Fujibayashi et al. 2018; Ferna´ndez et al. 2018), which we
cannot presently study with our simulations. We refer
to this latter component as the secular ejecta to distin-
guish it from the dynamical ejecta defined above. The
simulations performed with viscosity show the early de-
velopment of viscously-driven outflows. However, due to
the high computational costs, we do not follow the post-
merger remnant for sufficiently long times to study the
secular ejecta.
3.1. Dynamical Ejecta
We discuss the qualitative properties of the dynamical
ejecta in the case of the SFHo M135135 M0 binary, which
we take as fiducial. Figure 2 summarizes its most salient
features. The bulk of the dynamical outflow is contained
within a wide ∼60◦ angle from the orbital plane. In the
simulations that do not account for neutrino absorption
the outflow is neutron rich, with average electron fraction
〈Ye〉 < 0.2. When neutrino absorption is included in
the simulations, as is the case for the SFHo M135135 M0
binary, the ejecta is reprocessed to higher values of Ye,
but remains neutron rich 〈Ye〉 < 0.25.
As shown in Fig. 2, the tidal component of the dy-
namical ejecta is emitted first close to the orbital plane,
followed by a more isotropic shock heated ejecta com-
ponent. However, the shock heated component gener-
ally has higher velocity, so it rapidly overtakes the tidal
component. The two components interact and, as a con-
sequence, the tidal tail is partially reprocessed by weak
reactions to slightly higher values of Ye ' 0.1. Later, we
observe the emergence of a neutrino driven wind com-
ponent of the outflow, concentrated at high latitudes.
Finally, for this binary, mass ejection shuts off shortly
after the formation of a BH.
As the two NSs merge, their inner cores are violently
compressed against each other. For some of our mod-
els this compression is sufficient to trigger a runaway
collapse of the remnant and a BH forms within a sin-
gle dynamical timescale. However, for most of our bi-
naries the angular momentum of the remnant is suffi-
ciently large to prevent the collapse and the remnant’s
core undergoes a centrifugal bounce. The bounce starts
a cycle of large scale oscillations of the remnant. As also
discussed in detail by Bauswein et al. (2013), for most
binaries the most abundant component of the outflow is
triggered during the first expansion of the remnant. This
is demonstrated in Fig. 3, where we show the maximum
density and the outflow rates measured for our fiducial
SFHo M135135 M0 binary. The former is extracted from
the flux of unbound material leaving a coordinate sphere
with radius R = 300G/c2M ' 443 km and is retarded
according to the velocity of the tip of the ejecta at the
detection sphere. As evidenced in the figure, and con-
firmed by a careful inspection of the multidimensional
data, the bulk of the outflow is triggered at the time
when the merger remnant rebounds. However, after the
first bounce, the subsequent oscillations do not produce
significant mass ejection. The outflow rate remains pos-
itive for a few milliseconds as slower material, that has
also started expanding during the first ejection episode,
reaches the detector.
The inclusion of neutrino re-absorption results in the
formation of a new outflow component. This additional
outflow stream is composed of material that is ablated
from the surface of the HMNS and its accretion disk.
This material is reprocessed to Ye > 0.25 and channeled
along the polar direction θ < 45◦. We remark that this
outflow component is absent if neutrino heating is not
included (Radice et al. 2016b; Perego et al. 2017a; see
also Fig. 4 for another representative case). Furthermore,
because in our simulation the tidal streams interact with
the shocked component of the ejecta, the former also see
their Ye slightly increased with the inclusion of neutrino
absorption, as can be seen from the shift in Ye of the
material close to the orbital plane (see region θ ' 90◦ in
Fig. 4).
3.1.1. Outflow Properties
Table 2 reports ejecta masses, average electron fraction
〈Ye〉, entropy 〈s〉, asymptotic velocity vej, and kinetic
energy Tej of the ejecta for all models. We also report the
rms opening angle of the outflows about the equatorial
plane θrms. Note that the definition of θrms implies that
at least 75% of the ejecta is confined within 2θrms of the
orbital plane.
The dynamical ejecta masses are not fully converged in
our simulations. From the comparison of results obtained
at different resolutions we estimate the relative errors to
be of the order of ∼50%. In the following, we will assume
the uncertainty in the ejecta masses to be
∆Mej = 0.5Mej + (5× 10−5)M . (17)
On the other hand, other ejecta properties, such as the
average asymptotic velocities, the entropy, and the com-
position, appear to be converged (see Appendix A for a
more detailed discussion).
Despite the large inferred numerical uncertainty, we
find overall good qualitative agreement between the
ejecta masses estimated from our simulations and oth-
ers presented in the literature. However, quantitative
differences are present. In particular, we compare dy-
namical ejecta masses estimated for the (1.35+1.35)M
binaries with the DD2 and the SFHo EOSs, which have
been considerer in several previous works and by us. The
results are reported in Table 3. Sekiguchi et al. (2015)
and Sekiguchi et al. (2016) considered these binaries with
and without the inclusion of neutrino absorption. In
the former case they reported ejecta masses about ∼3
times larger than what we find. The disagreement is
7Table 2
Dynamical ejecta and remnant disks for all simulations. We report the model name, the grid resolution h, the NS masses at infinite
separation Ma and Mb, the time of BH formation tBH, the remnant disk masses Mdisk, the total ejected mass Mej, and the amount of
fast moving ejecta Mv≥0.6cej . For the dynamical ejecta we report the mass-averaged electron fraction 〈Ye〉, specific entropy per baryon 〈s〉,
and asymptotic velocity vej. We also give the rms opening angle of the outflow streams from the orbital plane θej =
√〈θ2〉, and the total
kinetic energy of the ejecta Tej. All ejecta properties are measured on a sphere with coordinate radius of 300G/c
2 M ' 443 km.
Model
h Ma Mb tBH Mdisk Mej M
v≥0.6c
ej 〈Ye〉 〈s〉 vej θej Tej
[m] [M] [M] [ms] [10−2 M] [10−5 M] [kB] [c] [1050 erg]
BHBlp M125125 LK 185 1.25 1.25 > 21.9 NA 0.13 0.000 0.13 15 0.18 22 0.46
BHBlp M1365125 LK 185 1.365 1.25 > 24.0 18.73 0.06 1.367 0.14 17 0.21 25 0.35
BHBlp M130130 LK 185 1.3 1.3 > 26.9 NA 0.07 0.000 0.16 22 0.12 33 0.11
BHBlp M135135 LK 185 1.35 1.35 > 21.3 14.45 0.07 0.746 0.15 20 0.17 28 0.26
BHBlp M135135 LK HR 123 1.35 1.35 > 23.3 14.26 0.05 0.015 0.16 20 0.18 24 0.19
BHBlp M135135 M0 185 1.35 1.35 > 37.0 12.75 0.14 0.283 0.26 24 0.14 38 0.40
BHBlp M140120 LK 185 1.4 1.2 > 23.7 20.74 0.11 0.229 0.11 13 0.16 22 0.36
BHBlp M140120 M0 185 1.4 1.2 > 28.2 22.56 0.16 0.994 0.19 17 0.17 30 0.60
BHBlp M140140 LK 185 1.4 1.4 12.0 7.05 0.09 0.232 0.15 18 0.17 28 0.34
BHBlp M140140 LK HR 123 1.4 1.4 10.3 5.38 0.10 0.793 0.14 17 0.20 26 0.50
BHBlp M144139 LK 185 1.44 1.39 10.4 8.28 0.06 0.511 0.18 22 0.20 30 0.30
BHBlp M150150 LK 185 1.5 1.5 2.3 1.93 0.05 0.727 0.17 20 0.23 28 0.33
BHBlp M160160 LK 185 1.6 1.6 1.0 0.09 0.00 0.000 − − − − −
DD2 M120120 LK 185 1.2 1.2 > 24.7 NA 0.08 0.000 0.15 21 0.14 31 0.16
DD2 M125125 LK 185 1.25 1.25 > 32.4 NA 0.04 0.000 0.18 27 0.15 33 0.10
DD2 M1365125 LK 185 1.365 1.25 > 24.2 20.83 0.04 0.443 0.15 21 0.20 25 0.20
DD2 M130130 LK 185 1.3 1.3 > 22.9 NA 0.12 0.005 0.13 15 0.18 21 0.45
DD2 M135135 LK 185 1.35 1.35 > 24.4 15.69 0.03 0.024 0.18 27 0.18 31 0.12
DD2 M135135 LK HR 123 1.35 1.35 > 23.4 15.05 0.02 0.001 0.18 28 0.19 30 0.09
DD2 M135135 M0 185 1.35 1.35 > 20.4 16.16 0.14 0.168 0.23 21 0.17 31 0.49
DD2 M140120 LK 185 1.4 1.2 > 23.6 19.26 0.09 0.307 0.12 15 0.18 23 0.36
DD2 M140120 M0 185 1.4 1.2 > 26.9 19.48 0.16 0.570 0.21 18 0.16 34 0.54
DD2 M140140 LK 185 1.4 1.4 > 24.5 12.36 0.04 0.529 0.17 22 0.22 28 0.26
DD2 M140140 LK HR 123 1.4 1.4 > 24.6 16.85 0.09 0.431 0.14 17 0.18 28 0.39
DD2 M144139 LK 185 1.44 1.39 > 23.5 14.40 0.05 0.158 0.17 22 0.20 28 0.26
DD2 M150150 LK 185 1.5 1.5 > 23.1 16.70 0.07 0.462 0.20 23 0.17 32 0.26
DD2 M160160 LK 185 1.6 1.6 2.3 1.96 0.12 2.759 0.14 13 0.24 20 0.83
LS220 M120120 LK 185 1.2 1.2 > 23.2 17.43 0.14 0.000 0.12 15 0.15 25 0.33
LS220 M1365125 LK 185 1.365 1.25 > 26.7 16.86 0.11 0.013 0.10 13 0.16 23 0.32
LS220 M135135 LK 185 1.35 1.35 20.3 7.25 0.06 0.000 0.11 16 0.16 23 0.17
LS220 M135135 LK LR 246 1.35 1.35 > 27.6 NA 0.11 0.000 0.13 16 0.16 26 0.32
LS220 M135135 M0 185 1.35 1.35 > 22.6 9.06 0.19 0.009 0.25 19 0.15 35 0.50
LS220 M135135 M0 L05 185 1.35 1.35 > 24.5 14.07 0.27 0.061 0.27 20 0.13 38 0.58
LS220 M135135 M0 L25 185 1.35 1.35 18.1 4.65 0.20 0.395 0.26 21 0.14 42 0.51
LS220 M135135 M0 L50 185 1.35 1.35 > 32.0 8.59 0.20 0.419 0.26 24 0.16 44 0.66
LS220 M135135 M0 LTE 185 1.35 1.35 > 21.1 14.24 0.11 0.000 0.20 17 0.13 30 0.24
LS220 M140120 LK 185 1.4 1.2 > 23.5 22.82 0.19 0.000 0.09 11 0.15 20 0.47
LS220 M140120 M0 185 1.4 1.2 > 24.8 23.38 0.24 0.001 0.18 14 0.15 29 0.63
LS220 M140120 M0 L05 185 1.4 1.2 > 28.2 20.33 0.28 0.017 0.18 14 0.15 29 0.76
LS220 M140120 M0 L25 185 1.4 1.2 > 28.5 12.07 0.41 0.625 0.16 13 0.20 29 1.97
LS220 M140120 M0 L50 185 1.4 1.2 > 31.2 13.97 0.70 8.289 0.18 13 0.22 28 3.97
LS220 M140140 LK 185 1.4 1.4 9.9 4.58 0.14 0.087 0.14 16 0.17 29 0.48
LS220 M140140 LK HR 123 1.4 1.4 9.4 2.68 0.07 0.168 0.15 17 0.17 33 0.26
LS220 M140140 LK LR 246 1.4 1.4 8.6 3.12 0.17 0.019 0.16 15 0.19 28 0.68
LS220 M144139 LK 185 1.44 1.39 7.2 3.91 0.19 0.014 0.14 15 0.16 30 0.54
LS220 M145145 LK 185 1.45 1.45 2.3 2.05 0.16 1.230 0.14 14 0.21 22 0.82
LS220 M150150 LK 185 1.5 1.5 0.9 0.16 0.03 0.001 0.08 11 0.19 13 0.13
LS220 M160160 LK 185 1.6 1.6 0.6 0.07 0.03 0.000 0.07 8 0.21 8 0.14
LS220 M171171 LK 185 1.71 1.71 0.5 0.06 0.03 0.000 0.08 9 0.22 8 0.14
SFHo M1365125 LK 185 1.365 1.25 > 26.4 8.81 0.15 1.888 0.14 14 0.23 24 0.92
SFHo M135135 LK 185 1.35 1.35 12.0 6.23 0.35 1.924 0.17 14 0.24 28 2.24
SFHo M135135 LK HR 123 1.35 1.35 6.9 1.78 0.23 0.982 0.17 14 0.21 29 1.23
SFHo M135135 LK LR 246 1.35 1.35 3.4 2.79 0.36 1.877 0.18 14 0.24 27 2.35
SFHo M135135 M0 185 1.35 1.35 7.7 1.23 0.42 3.255 0.22 17 0.22 33 2.40
SFHo M140120 LK 185 1.4 1.2 > 24.3 11.73 0.12 1.302 0.14 14 0.20 27 0.59
SFHo M140120 M0 185 1.4 1.2 > 32.7 15.65 0.30 2.368 0.22 17 0.16 34 1.05
SFHo M140140 LK 185 1.4 1.4 1.1 0.01 0.04 3.853 0.19 37 0.35 24 0.60
SFHo M144139 LK 185 1.44 1.39 0.9 0.09 0.04 3.056 0.18 16 0.33 20 0.53
SFHo M146146 LK 185 1.46 1.46 0.7 0.02 0.00 0.000 − − − − −
8t− tmrg = −0.3 ms
Ye
t− tmrg = 1.2 ms
t− tmrg = 0.6 ms
t− tmrg = 2.5 ms
Figure 2. Volume rendering of the electron fraction of the ejecta for the simulation SFHo M135135 M0. The ray-casting opacity is linear
in the logarithm of the rest-mass density. From the top-left in clockwise direction, the transparency minimum – maximum in the opacity
scale are (1011 − 1014) g cm−3, (108 − 1011) g cm−3, (108 − 1011) g cm−3, and (107 − 1011) g cm−3. The last panel of this figure should
be compared with Fig. 14 where we plot a cut of the data in the xz-plane.
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Figure 3. Maximum rest-mass density and outflow rate for the
SFHo M135135 M0 binary. The outflow rate is computed at a radius
of R = 443 km and shifted in time by R (0.5c)−1, 0.5c being roughly
the 99 percentile of the velocity of the ejecta at the radius R. We
show both the total outflow rate as well as the outflow rate of
only the material with asymptotic velocity larger than 0.6 c. We
find that the bulk of the ejecta is launched when the HMNS first
bounces back after the merger.
Table 3
Dynamical ejecta masses reported in the literature for the
(1.35 + 1.35)M binary simulated with either the DD2, or the
SFHo EOS. For each reported value we indicate the reference and
whether the simulation included heating and compositional
changes due to neutrino emission (ν cool) and/or absorption (ν
abs). There are differences of factors of a few among published
results.
EOS ν cool. ν abs. Mejecta Ref.
[10−3M]
DD2 X − 0.3 This work
DD2 X X 1.4 This work
DD2 − − 3.1 Bauswein et al. (2013)
DD2 X − 0.6 Bovard et al. (2017)
DD2 X − 0.4 Lehner et al. (2016)
DD2 X − 0.9 Sekiguchi et al. (2015)
DD2 X X 2.1 Sekiguchi et al. (2015)
SFHo X − 3.5 This work
SFHo X X 4.2 This work
SFHo − − 4.8 Bauswein et al. (2013)
SFHo X − 3.5 Bovard et al. (2017)
SFHo X − 3.4 Lehner et al. (2016)
SFHo X − 10.0 Sekiguchi et al. (2015)
SFHo X X 11.0 Sekiguchi et al. (2015)
somewhat less severe for the simulations with neutrino
absorption included. Lehner et al. (2016) and Bovard
et al. (2017) performed simulations only with neutrino
cooling and report ejecta masses in good agreement with
those of our DD2 M135135 LK and SFHo M135135 LK bi-
naries. Note, however, that the latter study also em-
ployed the WhiskyTHC code, albeit with a different grid
setup and lower resolution, so it does not represent a
completely independent confirmation of our results. Fi-
nally, Bauswein et al. (2013) performed simulations using
a smoothed particle hydrodynamics (SPH) code with an
approximate treatment of GR and neglected the effect of
neutrinos. They report ejecta mass of 0.48 × 10−2M
for the SFHo binary. This is in good agreement with
our value of 0.35× 10−2M, especially when taking into
account that neglecting neutrino cooling results in an
overestimate of the ejecta mass (Radice et al. 2016b).
On the other hand, the ejecta mass they report for the
DD2 EOS is a factor ∼10 larger than what we infer from
our simulations.
Dietrich & Ujevic (2017) derived empirical formulas
predicting the ejecta mass and velocity from binary NS
mergers extending previous work on the ejecta from
BHNS mergers (Foucart 2012; Kawaguchi et al. 2016)7.
They calibrated their fitting formulas using data from
Hotokezaka et al. (2013b), Bauswein et al. (2013), Diet-
rich et al. (2015), Sekiguchi et al. (2016), Lehner et al.
(2016), and Dietrich et al. (2017b). Note that most of
these data completely neglected neutrino effects (both
emission and absorption). Moreover, as we discuss above,
some of these works predict rather different ejecta masses
for the same binaries. The resulting fits have been used
in Abbott et al. (2017b) to estimate the contribution
of the dynamical ejecta to the kilonova that followed
GW170817 and, more recently, by Coughlin et al. (2018)
to constrain the tidal deformability of the binary progen-
itor to GW170817. Note, however that Coughlin et al.
(2018) used a modified fit for log(Mej/M).
We recalibrate the model of Dietrich & Ujevic (2017)
using our data. We only consider the simulations per-
formed without neutrino heating and at our reference res-
olution h = 185 m, so as to have a homogeneous dataset.
We refer to this subset of the runs as being our fidu-
cial subset of simulations. The omission of neutrino re-
absorption could result in a systematic underestimate of
the ejecta mass by up to factors of a few (see Table 2).
However, we expect the qualitative trends to be robust.
Following Dietrich & Ujevic (2017) we fit the ejecta
mass as
Mej;fit
10−3M
=
[
α
(
Mb
Ma
)1/3(
1− 2Ca
Ca
)
+
β
(
Mb
Ma
)n
+ γ
(
1− Ma
M∗a
)]
M∗a + (a↔ b) + δ ,
(18)
where Ma, Mb and M
∗
a , M
∗
b are the NS gravitational and
baryonic masses, respectively, and
Ca,b =
GMa,b
c2Ra,b
(19)
are the stars’ compactnesses. We use Eq. (17) to estimate
the numerical uncertainty in the ejecta mass and we use
a standard least square fit to determine the coefficients
α, β, γ, δ, and n in Eq. (18). We find
α = −0.657 , β = 4.254 , γ = −32.61 , (20)
δ = 5.205 , n = −0.773 . (21)
We find differences of ∼50−100% compared to the values
reported by Dietrich & Ujevic (2017). In particular, our
fit systematically predicts lower dynamical ejecta masses
compared to Dietrich & Ujevic (2017).
The right panel of Fig. 5 shows the ejecta masses from
our fiducial subset of simulations plotted against the pre-
dicted ejecta masses from Eq. (18). Overall, we find that
Mej correlates with Mej;fit, suggesting that the model of
Dietrich & Ujevic (2017) captures some of the physics
7 See Foucart et al. (2018b) for updated fits to BHNS merger
data.
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Figure 4. Angular distribution and composition of the ejecta for the 1.35 M vs 1.35 M binary with BHBΛφ EOS. Right panel : neutrino
cooling only. Left panel : simulation with neutrino absorption. Neutrino irradiation is necessary to generate high-Ye, polar outflows.
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Figure 5. Dynamical ejecta masses (left panel) and velocities (right panel) versus their fit according to Eqs. (18) and (22). The data
points show the results from our fiducial subset of simulations, which have also been used to re-calibrate the fitting coefficients. For the
velocity fit, we only include/plot models with total ejecta mass larger than 5 × 10−5 M. There is a correlation between Mej and vej as
extracted from our simulations and their predictors Mej;fit and vej;fit.
behind the mass ejection. However, there are differences
between the values measured in simulations and those
predicted by the fit as large as ∼200%. This is a factor
of a few in excess of the finite-resolution uncertainties we
estimate for our simulations. We note that Dietrich &
Ujevic (2017) also reported similarly large fit residuals.
More worrisome is the fact that the model seems to be
systematically missing trends in the data. For example
it over predicts the ejecta for most of the massive DD2
binaries. This suggests that Eq. (18) does not capture
all of the physical effects relevant for the mass ejection.
We fit the mass-weighted average asymptotic velocity
vej of the ejecta using an expression similar to the one
used by Dietrich & Ujevic (2017):
vej;fit =
[
α
(
Ma
Mb
)
(1 + γCa)
]
+ (a↔ b) + β . (22)
On the basis of the comparison between results ob-
tained at different resolution, we use a constant value
∆vej = 0.02 c as fiducial uncertainty for the ejecta veloc-
ity and perform a least square fit of our fiducial subset of
simulations using Eq. (22). When doing so, we exclude
simulations with ejecta masses smaller than 10−5M,
since the ejecta properties cannot be reliably measured
in those cases. Note that changing the value of ∆vej has
no effect on the results of the fitting procedure. Using a
standard least square method we find
α = −0.287 , β = 0.494 , γ = −3.000 . (23)
These coefficients are in good agreement with those re-
ported by Dietrich & Ujevic (2017) for the ejecta velocity
in the orbital plane. This suggests that the ejecta veloc-
ity predicted by the simulations are robust. We also find
good qualitative agreement between the ejecta velocities
from simulations and those predicted by the model, as
shown in the right panel of Fig. 5. However, there is a
significant spread with residuals as large as 0.1 c.
Bauswein et al. (2013) compared dynamical ejecta
mass obtained for the (1.35 + 1.35)M binary using dif-
ferent EOSs and found that it was inversely proportional
to the NS radii suggesting that large ejecta masses could
be produced in the case of compact NSs. This has been
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Figure 6. Dynamical ejecta masses Mej and asymptotic velocities
vej as a function of the tidal parameter Λ˜. The data points show
the results from our fiducial subset of simulations. No correlation
is found between the ejecta mass and Λ˜. There is, however, a weak
tentative inverse correlation between the asymptotic velocity of the
ejecta and Λ˜.
used in Nicholl et al. (2017) to suggest that the large
inferred ejecta mass for GW170817 implies a small NS
radius R1.35 . 12 km. The strongest support for the
correlation found by Bauswein et al. (2013) comes from
binaries that were simulated with an approximate treat-
ment of thermal effects. Our results (Table 2) also indi-
cate that softer EOSs might produce more ejecta. How-
ever, we do not find evidences for a clear correlation that
would support the conclusions of Nicholl et al. (2017).
Figure 6 shows ejecta masses and velocities as a func-
tion of the tidal deformability of the binary Λ˜ (e.g.,
Flanagan & Hinderer 2008; Favata 2014). By comparing
results from simulations with different EOSs we confirm
that there is some dependency of the ejecta mass on the
stiffness of the EOS, with softer EOSs such as SFHo and
LS220 producing more ejecta than BHBΛφ and DD2. We
also find indications that prompt BH formation results in
smaller than average dynamical ejecta masses. However,
we are not able to identify a relation between the ejecta
masses and properties of the EOS such as the radius of
a reference NS or the tidal deformability. This is not too
surprising given that most of the dynamical ejecta in our
simulations is the result of the centrifugal bounce of the
merger remnant. Its characteristics are likely to depend
on thermal effects and details of the EOS at high densi-
ties that are not captured by Λ˜. Our data exclude the
possibility of constraining Λ˜ from the measurement of the
properties of the dynamical ejecta alone. On the other
hand, it might be possible to use kilonova observations
to constrain other properties of the binary, for instance
using an improved version of Eq. (18), and thus indi-
rectly improve the bounds on Λ˜ by restricting the priors
used in the GW data analysis. However, these applica-
tions would necessarily require more precise theoretical
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Figure 7. Mass of shock heated ejecta with s > 10 kB plotted
against the mass of the cold ejecta. The center-left part of the
figure is tentatively populated by stiff EOS. Tidally dominated
ejecta dominates over shock-heated ejecta only for binaries with
prompt BH formation (lower-middle part of the figure).
predictions than those currently available.
Other properties of the outflow, such as proton fraction
and entropy, also show some dependency on the EOS.
The reason is that different EOSs result in different rel-
ative amount of shocked and tidal ejecta. This is quan-
tified in Fig. 7, where we show the mass of the tidal
and shocked ejecta for our fiducial subset of simulations,
i.e., those with only neutrino cooling and h = 185 m.
For this analysis we tentatively identify as shocked ejecta
all of the unbound material crossing a coordinate sphere
with radius ' 443 km and having specific entropy per
baryon larger than 10 kB. Material ejected with smaller
entropies is assumed to be originating from tidal interac-
tions. We find that stiff EOSs, such as BHBΛφ and DD2,
typically have smaller M ejtidal than softer EOSs, such as
LS220 and SFHo. Softer EOSs also eject more mass
overall. The shocked component of the dynamical ejecta
dominates the overall mass ejection for most of the bina-
ries we have considered. The only exceptions are cases
where BH formation occurs shortly after merger (. 1 ms)
so that there is no centrifugal bounce of the remnant.
The balance between shocked and tidal ejecta is also
dependent on the binary mass ratio (see Sec. 4.1). On the
one hand, binaries with larger mass asymmetry produce
more massive tidal outflow streams. On the other hand,
asymmetric binaries result in the partial disruption of the
secondary star during merger, less violent mergers, and
smaller amount of shocked ejecta (Table 2; Hotokezaka
et al. 2013b; Bauswein et al. 2013; Lehner et al. 2016;
Sekiguchi et al. 2016; Dietrich et al. 2017b; Bovard et al.
2017). We conclude that the balance between tidal ejecta
and shocked ejecta is set by a complex interplay between
microphysical effects and binary properties.
Tidally-driven outflows have low average Ye and are
preferentially concentrated close to the orbital plane.
Conversely, the shocked ejecta are spread over a larger
angle of the orbital plane and have larger 〈Ye〉, so a corre-
lation between θej and 〈Ye〉 is expected. This is shown in
Fig. 8. For clarity, the figure only shows our fiducial sub-
set of simulations, for which numerical and microphysical
parameters have been set in a consistent way. The bina-
ries in the lower left corner of the figure are LS220 bi-
naries resulting in prompt BH formation. These are the
same binaries appearing in the lower part of Fig. 7. The
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Figure 8. Average electron fraction 〈Ye〉 vs. rms angular spread
θej of the ejecta. The data points show the results from our fiducial
subset of simulations. We only include models with total ejecta
mass larger than 5 × 10−5 M. The shock-heated component of
the ejecta is absent in the cases with prompt-BH formation.
outflows from these binaries are dominated by the tidal
ejection of material. The two outliers with θej = 20−25
degrees are the SFHo M140140 LK and SFHo M144139 LK,
which also undergo prompt collapse, but have outflows
mostly driven by shocks. With the possible exception of
the binaries resulting in prompt BH formation, all oth-
ers show a clear correlation between 〈Ye〉 and θej. This
suggests that a constrain on the opening angle of the dy-
namical ejecta, perhaps obtained by combining the ob-
servation of multiple systems with different orientations,
could constrain the strength of the bounce of the massive
NS after merger and the composition of the dynamical
ejecta.
Overall, we find good qualitative agreement between
our results for the dynamical ejecta and those reported
in previous studies that adopted a more idealized treat-
ment for the EOS of NSs and/or approximate GR (Ho-
tokezaka et al. 2013a; Bauswein et al. 2013; Dietrich
et al. 2017b,a). At the same time, there are substan-
tial quantitative differences in the dynamical ejecta mass
and properties from those studies, as well as with other
works that considered a limited number of binary con-
figurations, but included full-GR and neutrino effects
(Sekiguchi et al. 2015, 2016). The total ejecta mass is
also not fully converged in our simulations (Table 2).
While there appear to be robust trends and correlations
between ejecta properties, binary parameters, and the
EOS of NSs, more comprehensive and better resolved
studies would be needed to create reliable quantitative
models of the dynamical ejecta.
3.1.2. Fast Moving Ejecta
Metzger et al. (2015) re-analyzed data from Bauswein
et al. (2013) and identified 106 SPH particles, corre-
sponding to ∼10−4M of material, that were dynami-
cally ejected with velocities in excess of 0.6 c. If indeed
present, these fast moving ejecta would expand suffi-
ciently rapidly to still contain a significant fraction of free
neutrons at freeze out. The decay of the neutrons in the
outermost part of the ejecta would then produce a bright
UV/optical counterpart to the merger on a timescale of
several minutes to an hour (Kulkarni 2005; Metzger et al.
2015). On the other hand, because of the small number
of SPH particles, it cannot be excluded that this fast
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Figure 9. Cumulative distribution of ejecta velocities for the
(1.35 + 1.35)M binary with four EOSs and at the reference res-
olution. Neutrino re-absorption has not been included in these
simulations.
component of the ejecta is due to numerical noise, as
also recognized by Metzger et al. (2015).
More recently, a fast moving component of the dynam-
ical ejecta was proposed as a possible origin for the syn-
chrotron radiation detected from GW170817 in the first
∼100 days (Mooley et al. 2017; Hotokezaka et al. 2018b).
This interpretation is currently disfavored on the light
of more recent observations showing an abrupt decline
in the source luminosity in all bands (Alexander et al.
2018) and VLBI observations showing apparent superlu-
minal motion of the radio source indicative of collimation
of the outflow (Mooley et al. 2018; Ghirlanda et al. 2018).
Nevertheless, such fast moving component of the outflows
was identified in Hotokezaka et al. (2018b) using data
from the simulations of Kiuchi et al. (2017). The latter
simulations, however, employed piecewise polytropic fits
to the cold NS EOS augmented with an ideal-gas compo-
nent to describe thermal effects. These approximations
affect the thermodynamical properties of the shocks re-
sponsible for the ejection of this material (Bauswein et al.
2013), so they need to be independently verified.
Our previous simulations (Radice et al. 2016b) did not
show evidences for the presence of a fast moving com-
ponent of the ejecta. However, in Radice et al. (2016b)
we only considered one equal mass configuration with
Ma = Mb = 1.39 M simulated using the LS220 EOS.
While, Metzger et al. (2015) considered a large sample
of EOSs and binary masses. In our new simulations we
find evidence for a fast moving component of the outflow
with asymptotic velocities in excess of 0.6 c (Table 2).
The amount of the fast moving ejecta strongly depends
on the EOS and other binary parameters. For instance,
for total binary masses up to 2.8M, with the exceptions
of the simulations performed with viscosity, discussed in
a companion paper (Radice et al. 2018b), the LS220 EOS
does not seem to predict appreciable amount of fast out-
flows, in agreement with Radice et al. (2016b). On the
other hand, binaries simulated with the BHBΛφ, DD2,
or SFHo EOSs, as well as higher-mass LS220 binaries,
typically eject ∼10−6−10−5M of fast-moving material.
This is still one or two orders of magnitude less than
reported in Metzger et al. (2015), but suggest that the
ejection of at least a small amount of fast material does
indeed take place during NS mergers. That said, given
the small overall mass involved, we cannot completely ex-
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Figure 10. Angular distribution of the flux of ejecta with asymp-
totic velocities larger than 0.6 c for the SFHo M135135 M0 binary.
The data is extracted on a coordinate sphere with radius 443 km.
For clarity, the time is retarded in the same way as in Fig. 3. We
find two distinct episodes resulting in the production of fast ejecta:
one associated with the merger and one associated with the first
bounce of the remnant.
clude its origin as being numerical. Indeed, we find large
variations in the amount of the fast moving ejecta with
resolution and much better resolved simulations would
be needed to fully quantify the mass of these fast out-
flows. On the other hand, the smooth distribution of the
ejecta in velocity space, shown in Fig. 9, seem to sug-
gests that the properties of the outflows are reasonably
well captured even down to these masses.
We discuss the possible observational consequences of
the fast moving component of the ejecta in Sec. 5. Here,
we focus on their origin. Metzger et al. (2015) suggested
that shocks generated at the time of the collision between
the NSs could be accelerated by the steep density gra-
dient at the surface of the remnant and drive outflows
with trans-relativistic velocities. This is a scenario first
considered by Kyutoku et al. (2014) who studied its pos-
sible high-energy signatures. The same scenario has also
been recently revisited in detail by Ishii et al. (2018).
They used high-resolution 1D Lagrangian simulations to
resolve the shock acceleration and predict the amount of
ejected material. They found that this mechanism can
indeed produce free neutrons. However, they found the
amount of free neutrons that can be produced in this
way to be ∼10−7−10−6M. This might be insufficient
to explain the results of Metzger et al. (2015). On the
other hand, the values found by Ishii et al. (2018) are
not inconsistent with our data.
Comparable mass binaries simulated with the SFHo
EOS, the softest in our set, result in the most violent
mergers. As the NSs collide material is squeezed out
from the collisional interface at large velocities, as in the
simulation discussed by Metzger et al. (2015). This is
evident from Fig. 3, where we show the outflow rate of
the fast-moving component of the ejecta with asymptotic
velocities vej > 0.6 c. Because of its peculiar origin, this
outflow component is preferentially channeled to high
latitudes and in the directions not obstructed by the NSs.
This is shown, in the case of the SFHo M135135 M0 binary,
in the upper panel of Fig. 10. However, this first clump
of material amounts only to about a quarter of all of the
fast ejecta. Most of the fast moving ejecta, instead, ap-
pears to originate when the shock launched from the first
bounce of the remnant breaks out of the forming ejecta
cloud, as indicated in Fig. 3. This second component of
the fast ejecta is also highly anisotropic, but preferen-
tially concentrated close to the orbital plane, as shown
in the lower panel of Fig. 10 for the SFHo M135135 M0
binary. This is possibly because of the oblate shape of
the merger debris cloud that favors the acceleration of
the material close to the orbital plane.
Smaller mass ratio binaries, or binaries simulated with
other EOSs, do not however show evidences for an early
fast-ejecta component from the collisional interface be-
tween the NSs. For these binaries the fast-moving com-
ponent of the ejecta is entirely constituted of she material
accelerated after the bounce of the merger remnant. This
material is preferentially confined to the region close to
the orbital plane, as shown in Fig. 11. We stress that
this angular distribution is inconsistent with the ejecta
originating at the collisional interface between the NSs.
The reason for the different behavior of more unequal
mass binaries and/or binaries with stiffer EOSs is that
the former result in less violent collisions than those pre-
dicted for comparable mass NSs with the SFHo EOS,
either because of the larger NS radii, or because of the
partial disruption of the secondary star shortly before
merger. We note that the inclusion of neutrino heating
only results in a modest quantitative correction to the
distribution of the fast-moving component of the ejecta,
but the overall qualitative picture is unchanged.
We find the distribution of the fast-component of the
ejecta to be not only anisotropic in latitude, but also in
the azimuthal direction, as shown in Fig. 12. The fast-
moving material forms narrow streams that cover only a
small fraction of area of a sphere centered at the loca-
tion of the binary merger. In contrast, the overall ejecta
distribution is almost uniformly spread in the azimuthal
direction (e.g., Bovard et al. 2017). We remark that non-
spinning equal mass binaries have a discrete rotational
symmetry of 180◦ around the orbital angular momen-
tum axis. However, this symmetry is typically broken
at the time of the merger, when turbulence operating in
the shear layer between the two NSs can exponentially
amplify small initial asymmetries, such as those due to
floating point truncation in the simulations (Paschalidis
et al. 2015; Radice et al. 2016a). This is reflected in
the asymmetry of the fast-moving tail of the dynamical
ejecta and is another indication of the fact that the bulk
of the fast-moving ejecta is launched with some delay
from the merger. Note that the early fast ejecta for the
equal mass binaries with the SFHo EOS, which instead
originates at the time of the merger, is symmetric (see
Fig. 10).
We report the total mass of the ejecta with vej > 0.6 c
in Fig. 13. The error bars are estimated following
Eq. (17). The motivation for this choice is that, while we
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Figure 11. Angular distribution and asymptotic velocity of the ejecta for the (1.35 + 1.35)M and (1.4 + 1.2)M binaries with the
SFHo EOS simulated without neutrino re-absorption. θ = 0 corresponds to the polar axis, while θ = 90◦ is the orbital plane. The data
is extracted on a coordinate sphere with radius 443 km. The fast-moving tail of the ejecta is confined to a region close to the orbital
plane for the unequal mass SFHo M140120 LK binary (right panel), but it is somewhat more isotropically distributed for the equal mass
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Figure 12. Angular distribution of the ejecta with asymptotic ve-
locities larger than 0.6 c for the (1.35+1.35) M binaries simulated
without neutrino re-absorption, and at the fiducial resolution. The
data is extracted on a coordinate sphere with radius 443 km. The
LS220 M135135 LK binary is not shown, since it does not produce an
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BHBΛφ and DD2 binaries.
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Figure 13. Fast moving component of the ejecta plotted against
the binary tidal deformability Λ˜. The data points show the results
from our fiducial subset of simulations. Note that several binaries
produce no appreaciable amount of fast moving ejecta and are not
seen in the figure. There is only a tentative correlation between
the mass of the fast moving ejecta and the tidal deformability of
the binary.
find relatively large numerical uncertainties in the total
ejecta mass, the relative distribution of the ejecta as a
function of velocity appears to be robust (see Sec. A).
Consequently, the numerical uncertainty in the total
ejecta mass should be well correlated with that of the
fast component. Each simulation is labelled by the tidal
deformability of the binary Λ˜. The tidal parameter Λ˜ is
related to the compactness of the binary and should cor-
relate with the strength with which different NSs binaries
collide at the time of merger. We might expect that Λ˜
should also correlate with the amount of fast ejecta pro-
duced during the collision between the two stars. Indeed,
we find that there is a weak correlation between the two
in Fig. 13. However, there are systematic effects that
are not captured by Λ˜. For instance, the BHBΛφ and
the DD2 binaries have very close compactnesses, since
the two EOSs are identical for NSs with gravitational
mass M . 1.5M. However, the BHBΛφ binaries typi-
cally produce a significantly larger amount of fast mov-
ing ejecta compared to the DD2 binaries. The reason is
likely the more violent bounce of the merger remnant due
to the formation of Λ hyperons in the aftermath of the
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Figure 14. Electron fraction and density in the xz-plane for the
SFHo M135135 M0 simulation. The thin-black contours enclose re-
gions with density larger than 106, 107, 108, 109, 1010, and 1011
g cm−3. The thick magenta light encloses the region with density
larger than 1013 g cm−3. This figure should be compared with the
last panel of Fig. 2 where a volume rendering of the same data is
shown.
BHBΛφ binary mergers (Radice et al. 2017). Perhaps
more importantly, there are several binaries, spanning a
wide range of Λ˜, that do not produce any appreciable
amount of fast moving ejecta.
3.2. Secular Ejecta
Part of the tidal tails from the NSs remains bound to
form a rotationally supported disk around a central rem-
nant more precisely defined below. In the cases in which
the former survives for more than about one millisecond,
we observe the formation of hot ∼10−20 MeV streams
of material expelled from what is originally the interface
region between the NSs. This material assembles into an
excretion disk. Consequently, there is a correlation be-
tween the life time of the remnant and the remnant disk
mass (Radice et al. 2018c), see also Table 2.
The disks are geometrically thick and moderately neu-
tron rich (see Fig. 14; Siegel & Metzger 2018). We ob-
serve the propagation of m = 2 spiral density waves orig-
inated as the streams from the massive NS remnant im-
pact the disk. After the first 10−20 ms from the merger,
these streams subside, and m = 1 spiral density waves,
induced by the one-armed spiral instability of the rem-
nant NS (Paschalidis et al. 2015; East et al. 2016; Radice
et al. 2016a), become dominant.
If the merger does not result in the formation of a
BH within few dynamical timescales, the remnant is
composed of a relatively slowly rotating inner core sur-
rounded by a rotationally supported envelope (Shibata
et al. 2005; Kastaun et al. 2016; Hanauske et al. 2017;
Ciolfi et al. 2017). In particular, regions with rest-
mass densities below ' 1013 g cm−3 are mostly rotation-
ally supported (Hanauske et al. 2017). Note that the
rotational structure of the remnant might be strongly
affected by the effective shear viscosity arising due to
the turbulent fluid motion in the remnant (Radice 2017;
Shibata et al. 2017b; Kiuchi et al. 2018; Fujibayashi
et al. 2018; Radice et al. 2018a). In our analysis we
define as the central part of the remnant the region with
ρ0 ≥ 1013 g cm−3, and we estimate the remnant disk
mass Mdisk from the integral of the rest-mass density of
the region with ρ0 < 10
13 g cm−3. We remark that the
same criterion has also been adopted by Shibata et al.
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Figure 15. Remnant disk masses as a function of the tidal param-
eter Λ˜. The data points show the results from our fiducial subset
of simulations. Disk formation is suppressed in the case of prompt
BH formation, corresponding to small Λ˜’s. The final disk masses
saturate for large values of Λ˜.
(2017a). Furthermore, as shown in Fig. 14, the density
threshold 1013 g cm−3 does indeed approximately corre-
sponds to the boundary of the centrally condensed rem-
nant. Our results are given in Table 2. Unfortunately,
the 3D output necessary to estimate the disk mass in
post processing has been accidentally deleted for six of
our simulations. For those cases the disk masses are not
given.
Figure 14 shows the electron fraction and the density
contours shortly after merger, during the formation of
the accretion disk. At this time the disk has not yet
reached its maximum extent and is expanding behind
the cloud of the dynamical ejecta. The former can be
recognized for their higher electron fraction and are lo-
cated at radii & 75 km. The neutron rich outflow visible
at radii & 100 km is part of the tidal tail, while the higher
Ye material between the forming accretion disk and the
tidal tail is part of the outflow generated during the first
bounce of the merger remnant.
We find that the remnant disk masses tightly corre-
lated with the tidal deformability of the binary Λ˜. This
is shown in Fig. 15 where we plot the disk masses for our
fiducial models. The error bars are estimated from the
comparison of simulations performed at different resolu-
tions (see Table 2). In particular, we estimate the un-
certainty on the disk mass due to numerical errors to be
∼30%. To be conservative, we estimate the uncertainties
on the disk masses as
∆Mdisk = 0.5Mdisk + (5× 10−4)M (24)
We remark that the error bars only account for finite-
resolution uncertainties and we cannot exclude that miss-
ing physics, or more extreme binaries with larger mass
asymmetries and/or extreme spins, could deviate from
the trend shown in Fig. 15. Moreover, because a signifi-
cant fraction (∼30−90%) of the disk is accreted promptly
after BH formation, the transition between low and high
mass disks visible in Fig. 15 would likely become sharper
16
10−5 10−4 10−3 10−2 10−1
Mej [M¯]
10−5
10−4
10−3
10−2
10−1
M
e
j;
se
c
[M
¯
]
BHBΛφ
DD2
LS220
SFHo
Figure 16. Dynamical ejecta Mej;dyn versus secular ejecta masses
Mej;sec. With the exception of the prompt BH formation cases that
are able to expel at least a few 10−4M in dynamical ejecta, the
secular ejecta dominate over the dynamical ejecta.
if we could evolve all of the hypermassive remnants to
collapse.
Notwithstanding these caveats, we find that our data
is reasonably well fitted with the simple expression
Mdisk
M
= max
{
10−3, α+ β tanh
(
Λ˜− γ
δ
)}
(25)
with fitting coefficients α = 0.084, β = 0.127, γ = 567.1,
and δ = 405.14. In the case of GW170817, the amount
of ejecta estimated from the modeling of the kilonova
signal ∼0.05 M is about an order of magnitude too large
to be explained by the dynamical ejecta. This suggests
that most of the material powering the kilonova should
have been produced during the viscous evolution of the
accretion disk.
This finding is in agreement with the results from long-
term GRMHD simulations of postmerger disks that show
that up to ∼40% of the accretion disk can be ejected over
the viscous timescale (Siegel & Metzger 2017; Ferna´ndez
et al. 2018). According to this scenario, Mdisk should
have been larger than at least ∼0.1 M. This, in turn,
implies that Λ˜ for GW170817 should have been larger
than about 400. Another possibility, that, however, we
cannot presently test with our data, is that the pro-
genitor binary to GW170817 had a large mass asym-
metry. Under these conditions it has been suggested
that the merger could still produce a massive disk even
for compact configurations (Shibata et al. 2003; Shibata
& Taniguchi 2006; Rezzolla et al. 2010). On the other
hand, large mass asymmetries are disfavored on the basis
of mass measurements for galactic double pulsars (Ozel
& Freire 2016). Moreover, Shibata & Taniguchi (2006)
found that the accretion disk mass only increases by
about an order of magnitude for extremely asymmetric
binaries.
We speculate on the total amount of mass expelled
in a BNS merger. We consider three different ejection
channels. In addition to the dynamical ejecta, directly
extracted from the simulations, we include the possi-
ble presence of neutrino- and magnetically-driven winds
from the disk, which develop on a time scale of a few
tens of ms. We parametrize their contribution to the
ejecta as a fraction of the disk mass. The neutrino-
driven wind is estimated as Mej;wind = ξwindMdisk, with
ξwind = 0.03 ± 0.015. The uncertainty includes varia-
tions due to the possible presence of a longer-lived rem-
nant (e.g., Martin et al. 2015; Just et al. 2015). The
viscous ejecta is taken to be Mej;vis = ξvisMdisk with
ξvis = 0.2± 0.1, a range including the results from most
postmerger simulations (e.g., Metzger & Ferna´ndez 2014;
Just et al. 2015; Siegel & Metzger 2018; Fujibayashi et al.
2018; Ferna´ndez et al. 2018).
In Fig. 16 we compare dynamical and secular ejecta
masses, the latter estimated as Mej;sec = Mej;wind +
Mej;vis. With the exception of the prompt-BH forma-
tion cases that produce at least 10−4M of dynami-
cal ejecta, the total ejecta is largely dominated by the
disk ejecta. As a consequence of the tight correlation
between the disk mass and Λ˜, we expect a correlation
between the total ejecta and Λ˜. Indeed, our estimates
for Mej +Mej;wind +Mej;vis are reasonably well fitted by
the same simple formula used for Mdisk, Eq. (25), but
assuming a floor value of 5 × 10−4M and with fitting
coefficients α = 0.0202, β = 0.0341, γ = 538.8, and
δ = 439.4. In most of the cases, the relative error be-
tween the total ejecta mass and the fit is below 50%.
When prompt BH formation occurs, we do not expect
the total ejecta to be larger than ∼ 10−3M. On the
other hand, for long-lived remnants the mass of the un-
bound material can span a broad range of masses: from
a few times 10−3M to 0.1M, increasing with Λ˜.
In comparison to previous studies (Oechslin et al. 2006;
Hotokezaka et al. 2013b, as reported in Wu et al. 2016)
we find that disk winds and viscous outflows should con-
tribute a significantly larger fraction of the overall ejecta.
The difference can be explained in part by the fact that
previous simulations did not include the effects of neu-
trino cooling, or used approximate treatments for the
gravity, and in part by the fact that we assume that
a larger fraction of the accretion disk can be unbound
secularly compared to Wu et al. (2016). The latter is
motivated by recent GRMHD simulations that showed
that up to ∼40% of the disk can be unbound secularly
(Siegel & Metzger 2017; Ferna´ndez et al. 2018). Our
study differs from some of the previous studies also in
the numerical setup and analysis methodology.
4. NUCLEOSYNTHESIS
The discovery of a kilonova counterpart to GW170817
(Abbott et al. 2017e; Arcavi et al. 2017; Chornock et al.
2017; Cowperthwaite et al. 2017; Coulter et al. 2017;
Drout et al. 2017; Evans et al. 2017; Kasliwal et al. 2017;
Nicholl et al. 2017; Smartt et al. 2017; Soares-Santos
et al. 2017; Tanvir et al. 2017; Tanaka et al. 2017) pro-
vided compelling evidence that NS mergers are one of
the main sources of r-process elements in the Universe
(Kasen et al. 2017; Rosswog et al. 2018; Hotokezaka et al.
2018a). However, the question of whether NS mergers
are the only source of r-process elements or whether is
a contribution from other sources is still not completely
settled. Part of the uncertainty is due to the lack of a full
theoretical understanding of the nucleosynthetic yields
from mergers. Here, we study in detail the dependency
of the r-process nucleosynthesis on the properties of the
binary, mostly focusing on the dynamical ejecta.
4.1. Dynamical Ejecta
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For simplicity, we perform most of our nucleosyn-
thesis calculations using the approach we developed in
Radice et al. (2016b) and that we briefly recall. We
extract electron fraction Ye,R, specific entropy sR, ve-
locity vR, and rest-mass density ρ0,R of the unbound
material crossing a coordinate sphere surface with ra-
dius R = 300G/c2M ' 443 km. A fluid element is
considered to be unbound if its kinetic energy is suffi-
cient to overcome the gravitational potential well, that
is, ut ≤ −1, where we have assumed a nearly station-
ary metric. See Kastaun & Galeazzi (2015) and Bovard
et al. (2017) for possible alternative criteria. For the
nucleosynthesis calculations we further assume that the
outflow is undergoing an homologous expansion
ρ0(t) = ρ0,R
( vR
cR
t
)−3
. (26)
This density history is matched with the expansion his-
tories used in the parametrized r-process calculations of
Lippuner & Roberts (2015):
ρ0(t) = ρ0
(
s, Ye, T = 6 GK
)(3τ
et
)3
, (27)
where e ' 2.718 is Euler’s number. From the match-
ing we extract the expansion timescale τ . To compute
the nucleosynthesis yields we bin the ejecta according to
their density, entropy, and expansion time scale. The
nucleosynthesis yields in each bin can be pre-computed,
because, under the assumption of homologous expansion,
the r-process outcome depends only on ρ0,R, sR Ye,R, and
τR. Then we compute the full nucleosynthetic yields by
summing up the contributions from all bins. The un-
certainty due to this procedure and the comparison with
nucleosynthetic calculations performed using Lagrangian
tracer particles are discussed in Sec. 4.3.
We discuss first the systematics of the nucleosynthetic
yields for our fiducial subset of runs, for which neutrino
re-absorption has been neglected. The effect of neutrino
re-absorption is discussed below. Fig. 17 reports his-
tograms of the electron fraction Ye of the ejecta and the
relative abundances of different isotopes synthesized by
the r-process 32 years after the merger. We show the
electron fraction since it is the most important variable
determining the outcome of the r-process in the condi-
tions relevant for NS mergers (e.g., Lippuner & Roberts
2015; Radice et al. 2016b). In the figure we compare iso-
topic abundances of r-process elements estimated from
our simulation with the solar abundances from Arlandini
et al. (1999). Both abundances are normalized by fixing
the overall fraction of elements with 180 ≤ A ≤ 200.
In absence of neutrino heating, the distribution of the
ejecta as a function of Ye drops rapidly for Ye > 0.15−0.2.
We find systematic changes in the composition of the
outflows as the total mass of the binary increases. How-
ever, these variations are inconsistent between the dif-
ferent EOSs. The BHBΛφ and SFHo binaries produce
higher Ye ejecta as the binary mass is increased. Pre-
sumably because the larger compactness of the more
massive binaries inhibits the production of tidally-driven
ejecta. As a consequence, these binaries produce more
of the light r-process elements, i.e., the isotopes with
90 . A . 125, when approaching the prompt BH-
formation threshold. Conversely, the relative amount of
shocked ejecta from the LS220 binaries progressively de-
creases as the binary mass increases and the ejecta for
the most massive binaries appears to be dominated by
the tidal tail. Consequently, the relative abundance of
light r-process elements decreases with the total binary
mass for the LS220 binaries. Finally, the behavior of
the DD2 binaries is non monotonic with mass: for chirp
masses up to ∼1.25M the average electron fraction 〈Ye〉
increases with the mass. However, the highest mass bi-
nary DD2 M160160 LK, has the lowest 〈Ye〉 and the lowest
relative abundance of light r-process elements.
Overall, we find that, irrespective of binary parameters
and EOS, the dynamical ejecta robustly produce second-
and third-peak elements, i.e., elements with 125 . A .
145 and 185 . A . 210, respectively. The reason for this
is that the bulk of the outflows are always very neutron
rich, with 〈Ye〉 < 0.2. On the other hand, we observe
variance in the production of the light r-process elements.
The normalization condition we impose effectively
scales the second and third peaks of the solar abundances
to the second and third peaks of the calculated abun-
dances (see Figure 17). With this normalization, it is
clear that our calculations underproduce the material in
the mass ∼140 region beyond the second r-process peak.
We note that although different models produce a wide
range of Ye distributions, this underproduction is robust.
Therefore, it is more likely due to the choice of nuclear in-
put data used in our network calculations. In particular,
the choice of fission fragment distributions and neutron-
induced fission rates can have a significant impact on
abundances in this region (Eichler et al. 2015), and the
symmetric fission fragment distributions used in our cal-
culations likely underproduce material in this region.
Neutrino-matter interaction rates roughly scale with
the square of the incoming neutrino energy. Conse-
quently, the composition, nucleosynthetic yield, and EM
opacity of the ejecta depend on the details of the neu-
trino radiation spectra (Foucart et al. 2016b). The de-
termination of the latter is not possible using an en-
ergy integrated scheme as is the one adopted for this
work. To quantify the relative uncertainty, we simulate
the (1.35 + 1.35)M binary using the LS220 EOS and
two different schemes for the calculation of the absorp-
tion opacities. In addition to the standard treatment in
which we approximatively account for the incoming neu-
trino energy using Eq. (8), we also perform a simulation
in which the absorption cross-section is calculated assum-
ing thermal equilibration between matter and neutrinos.
The latter simulation is labelled LS220 M135135 M0 LTE.
The results of this comparison are shown in Fig. 18. As
anticipated, the inclusion of compositional changes and
heating due to the absorption of neutrinos results in a sig-
nificant shift in the ejecta Ye distribution. The tidal tail
is reprocessed to slightly higher values of Ye and a new
ejecta component, with Ye up to 0.4 is found. The ap-
proximate inclusion of non-LTE effects results in a slight
increase in the absorption rates. This is expected be-
cause the incoming neutrinos originally decoupled from
the central regions of the remnant and the accretion disk
at higher temperatures than those found in the ejecta.
Overall, we find that the dynamical ejecta, especially in
the regions close to the orbital plane, robustly produces
heavy r-process elements with relative abundances close
to solar. On the other hand, the neutrino re-absorption
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Figure 17. Electron fraction of the ejecta before the activation of the r-process (left panel) and final nucleosynthetic abundances (right
panel). The histograms show the results from our fiducial subset of simulations. We only include models with total ejecta mass larger
than 5 × 10−5 M. The green dots in the right panel show the solar abundances from Arlandini et al. (1999). All abundance curves are
normalized by fixing the overall fraction of elements with 180 ≤ A ≤ 200.
significantly affects the production of elements in the re-
gion close to the first peak of the r-process relative abun-
dance pattern, i.e., around A = 80. The treatment of the
absorption opacities can result in changes in the relative
abundance of elements in this region of up to factors of
a few. This points to the need for more sophisticated
simulations with spectral neutrino transport.
We do not consider the effect of neutrino oscillations
in this work. However, we point out that recent studies
have shown that NS merger remnants might host ideal
conditions for resonant oscillations and fast flavor conver-
sion (Zhu et al. 2016; Frensel et al. 2017; Deaton et al.
2018). This might have an impact on the nucleosynthe-
sis of light r-process elements (Wu et al. 2017). The
investigation of these effects in the context of dynamical
simulations is urgent.
The nucleosynthetic yield of the dynamical ejecta is
also sensitive to the mass ratio of the binary, espe-
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Figure 18. Dynamical ejecta sensitivity to the neutrino treatment. Left panel : electron fraction. Right panel : nucleosynthetic yields. All
abundance curves are normalized by fixing the overall fraction of elements with 180 ≤ A ≤ 200. Neutrino absorption can have a strong
impact on the ejecta composition and on the nucleosynthetic yields around the light r-process elements.
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Figure 19. Dynamical ejecta sensitivity to the binary mass ratio. Left panel : electron fraction. Right panel : nucleosynthetic yields.
All abundance curves are normalized by fixing the overall fraction of elements with 180 ≤ A ≤ 200. The nucleosynthetic yield from the
dynamical ejecta is sensitive to the mass ratio in the region of the light r-process elements A . 120.
cially in the region of light r-process elements. This is
shown in Fig. 19 where we compare composition and nu-
cleosynthesis yeids between the LS220 M135135 M0 and
LS220 M140120 M0 binaries which are representative of
the general trend with mass ratio. The relative abun-
dances are normalized as in Fig. 17 over the mass range
180 ≤ A ≤ 200. Because of the more abundant tidal tail
the relative composition of the ejecta is shifted to lower
Ye. This affects the relative abundances of first-peak r-
process elements which are reduced by factors of several.
A similar trend is also present in the simulations that do
not include neutrino re-absorption, see Table 2.
Even though there are differences in the quality and
quantity of the dynamical ejecta, the r-process nucle-
osynthesis appears to be only weakly sensitive to the
EOS. In Fig. 20 we show electron fraction distributions
and final isotopic abundances for the dynamical ejecta
from the (1.35 + 1.35)M binary simulated with dif-
ferent EOSs. Neutrino re-absorption has been included
in these simulations using the M0 scheme. Irrespec-
tive of the EOS, the dynamical ejecta is neutron rich
〈Ye〉 . 0.25, but has a broad distribution in Ye, with a
significant amount of ejecta with Ye as large as 0.4. Con-
sequently, both heavy and light r-process elements are
produced. For comparable mass binaries, as are those
shown in Fig. 20, we find that the dynamical ejecta ro-
bustly synthesizes r-process elements with isotopic abun-
dances close to solar. Conversely, the dynamical ejecta
from binaries with large mass asymmetry underproduces
light r-process elements. These conclusions are not al-
tered with the inclusion of viscosity. Indeed, while viscos-
ity impacts the overall ejecta mass (Table 2 and Radice
et al. 2018b), it does not affect the electron fraction and
the isotopic abundances of the r-process in the dynami-
cal ejecta. Overall, our simulations suggest that the EOS
of dense matter controls the amount of the dynamical
ejecta, but that the relative isotopic abundances are most
sensitive to weak reaction rates, mass ratio, and total bi-
nary mass.
4.2. Secular Ejecta
The nucleosynthetic yields of the secular ejecta have
been the subject of several recent studies. In the case
of neutrino-driven winds, neutrino irradiation of the ex-
panding ejecta drives the electron fraction towards higher
values than those of the original cold weak equilibrium
configuration. The electron fraction of the material in
the wind depends on the relative timescales for weak re-
equilibration and expansion. If the expansion is not too
rapid, then the material achieves electron fractions given
by the weak equilibrium in optically thin conditions with
neutrinos (Qian & Woosley 1996):
(Ye)eq =
[
1 +
Lν¯e
(
ν¯e − 2∆ + 1.2∆2/ν¯e
)
Lνe (νe + 2∆ + 1.2∆
2/νe)
]−1
, (28)
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Figure 20. Dynamical ejecta sensitivity to the EOS. Left panel : electron fraction. Right panel : nucleosynthetic yields. All abundance
curves are normalized by fixing the overall fraction of elements with 180 ≤ A ≤ 200. The total ejecta mass shows depends sensitively on
the EOS, however electron fraction and nucleosynthetic yields appear to be insensitive to the EOS.
where Lνe and Lν¯e are the luminosities for electron neu-
trinos and antineutrinos, ν ≡ 〈E2ν〉/〈Eν〉, Eν is the
neutrino energy, 〈x〉 the average of x over the neu-
trino distribution function, and ∆ is the mass differ-
ence between neutrons and protons in vacuum. Dur-
ing the early post merger phase, Lν¯e & Lνe , while elec-
tron antineutrinos are significantly hotter than neutrinos
(〈Eν¯e〉 ≈ 15 MeV > 〈Eνe〉 ≈ 10 MeV, e.g. Dessart et al.
2009; Perego et al. 2014; Foucart et al. 2016b). Thus,
(Ye)eq . 0.45 and r-process nucleosynthesis can occurs.
However, due to the small neutron-to-seed ratio, only
nuclei with A . 130 can be synthetized and this ejecta
is expected to contribute to the first r-process peak. If
the dynamical ejecta is dominated by the tidal compo-
nent and is poor of first peak r-process elements, the
neutrino-driven wind can complement the nucleosynthe-
sis and lead to the production of all r-process elements
(Martin et al. 2015).
If a massive disk forms after the merger, viscously-
driven ejection, occurring over the disk lifetime, can be-
come the dominant source of ejecta from a BNS merger
(see Sec. 3.2). Viscous hydrodynamics simulations of
the long term disk evolution, mainly performed in ax-
isymmetry assuming a BH-torus system, showed that,
if the disk becomes transparent to neutrinos, the rapid
decrease in temperature makes neutrino cooling ineffi-
cient and the disk becomes convectively unstable (e.g.
Ferna´ndez & Metzger 2013; Just et al. 2015). The re-
sulting large scale mixing, combined with the long time
scale over which neutrino-matter interactions can occur,
produces a rather uniform, broad distribution of Ye in
the ejecta. In particular, it was found that the result-
ing distribution has 0.1 . Ye . 0.45 and all r-process
elements from the first to the third peak, as well as Ura-
nium and Thorium, can be synthesized in proportions
close to solar (e.g. Wu et al. 2016).
Recent 3D GRMHD simulations of a BH disk torus
(Siegel & Metzger 2017; Ferna´ndez et al. 2018) con-
firmed the presence of a self-regulating mechanism based
on electron degeneracy in the disk mid-plane that en-
sures the presence of a reservoir of neutron rich material
(Ye ∼ 0.1). This results in the production of neutron
rich outflows (〈Ye〉 ∼ 0.2). The resulting nucleosynthesis
yields all r-process elements between the second and the
third peak. If the kinetic energy dissipation in the inner-
most part of the disk results in a significant neutrino lu-
minosity, neutrino absorption increases the electron frac-
tion of the ejecta, producing also elements down to the
first peak. Neutrino influence on the properties of the
viscous ejecta can be even more relevant in the presence
of a long-lived massive neutron star. This is expected to
emit a large amount of neutrinos over the diffusion time
scale (a few seconds; e.g., Dessart et al. 2009; Perego
et al. 2017b). The high neutrino flux is expected to un-
bind matter in a neutrino-driven wind during the first
tens of ms after the merger (Dessart et al. 2009; Perego
et al. 2014; Fujibayashi et al. 2017) and can further in-
crease the electron fraction of the viscous ejecta. For a
very long lived massive neutron star, the properties of
the neutrino- and viscously-driven ejecta could become
similar and the resulting r-process nucleosynthesis in the
viscous ejecta could be limited to the first and second
r-process peaks (Lippuner et al. 2017).
4.3. Effect of the Thermodynamic History of the Ejecta
In principle, nucleosynthesis in the ejecta should be
calculated by following the non-equilibrium evolution of
the materials composition as it is advected along with
the fluid flow and potentially undergoes mixing. Such
an approach would require tracking the large number
of isotopic abundances needed to follow the r-process
flow along with adding stiff, coupled source terms to the
composition equations. Such an approach is too compu-
tationally expensive, but it would include the possible
feedback on the ejecta dynamics of nuclear heating and
composition based changes to the EOS (Metzger et al.
2010). The next level of approximation to the nucle-
osynthesis in the outflows would be following nucleosyn-
thesis in Lagrangian tracers of the flow, while ignoring
the backreaction of nucleosynthesis on the flow dynam-
ics. This is likely to be a very reasonable approximation,
since the nuclear energy release is only likely to be im-
portant to the dynamics of a small amount of marginally
bound material. Nevertheless, nuclear burning will pro-
duce entropy in these fluid elements which may change
the nuclear flow. Therefore, most calculations of nucle-
osynthesis in binary NS merger ejecta involve taking den-
sity histories, ρ(t), of Lagrangian tracers and evolving the
composition and entropy of the material in time starting
at t0, with entropy s0 and electron fraction Ye,0 extracted
from the simulation output using a self-heating nuclear
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Figure 21. Integrated nucleosnythesis from a simulation using the
actual density history from the simulation extracted from tracer
particles (dashed line) and using the integrated mass flux approx-
imation described in the text (solid line). The thin dashed line
shows the ratio of the two calculations.
reaction network (Freiburghaus et al. 1999).
For the nucleosynthesis results discussed above in this
section, an even more approximate method has been used
in which we assume ρ(t) ≈ ρ0(t; τd, sR, Ye,R), where Ye,R
and sR are the electron fraction and entropy at of an
ejected fluid element when it crosses a radius R and
τd = eR/(3vR)(ρR/ρ0)
1/3 as described above. This al-
lows us to rapidly calculate nucleosynthesis without in-
cluding Lagrangian tracer particles in the simulations,
but this approximation needs to be tested. Therefore,
we have run one simulation with a large number of tracer
particles and calculated nucleosynthesis in these tracers
using their actual density histories. The results of this
calculation compared to our approximate method of cal-
culating nucleosynthesis are shown in Fig. 21. At all mass
numbers, the calculations agree to within a factor of two
and in most regions to better than 20%. This agreement
is good enough to give us confidence in our approxima-
tion. Nevertheless, we would like to understand where
the variations come from.
The first possible source of error in our approximation
is that going from ρ(t) → ρ0(t; τd, sR, Ye,R) introduces
errors into the calculation. We test this for individual
tracer particles by running nucleosynthesis calculations
using both the actual density history ρ(t) and using ρ0(t).
The nucleosynthesis results for these particles are shown
in Fig. 22. Our approximate functional form for the den-
sity captures most of the behavior of the actual particles
and we recover very similar nucleosynthesis in both cases.
All abundances above 10−5 agree within a factor of two
between the two calculations for all Ye.
The second possible source of error comes from sam-
pling error in the Lagrangian tracer particles. To test
how well they represent the underlying Eulerian flow, we
compare the distribution of Ye,R and sR inferred from
integrating the flux using the Eulerian outflow and sam-
pling the conditions in the Lagrangian particles at R.
These are shown in Fig. 23. The Ye and entropy of the
particle may change between R = 300G/c2M and the
time nucleosynthesis begins at ∼6 GK. The average elec-
tron for the Eulerian outflow is 〈Ye〉 = 0.22, while it is
〈Ye〉 = 0.20 at both measurement points in the tracer
particles. By comparing the tracer Ye distributions at
these two points, we can see that this approximation in-
troduces at most a 25% error in the Ye distribution (at
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Figure 22. Nucleosynthesis for four selected tracer particles cal-
culated using the actual density history from the simulation (solid
lines) and using a parameterized density history extracted as de-
scribed in the text (dashed lines). The legend labels the Ye of each
separate trajectory. We see that there is generally good agreement
between the nucleosynthesis predictions with the different density
histories across a broad range of Ye. The abundance curves are
scaled by arbitrary factors for clarity.
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Figure 23. Distribution of the electron fraction in the ejecta
as inferred from the tracer particles when they reach a radius of
300G/c2M, when they reach a temperature of 6 GK, and from
the integrated mass outflow at 300G/c2 M calculated on the Eu-
lerian grid as described above.
Ye = 0.04) and substantially less error at most Ye. The
difference between either tracer Ye distribution and the
integrated Eulerian outflow Ye distribution is substan-
tially larger, almost 40% at Ye = 0.25. We have checked
that this error is not due to undersampling by the La-
grangian tracer particles.
5. ELECTROMAGNETIC SIGNATURES
The radioactive decay of freshly synthesized r-process
nuclei in the expanding ejecta powers a quasi-thermal
emission known as kilonova (Li & Paczynski 1998; Kulka-
rni 2005; Metzger et al. 2010). The properties of the
emission crucially depend on the amount of mass, on
the expansion velocity, and on the detailed composition
of the ejecta. The latter, in particular, determines the
photon opacity, which can substantially differ from the
opacity of iron group elements in the presence of a sig-
nificant fraction of lanthanides (e.g., Kasen et al. 2013;
Tanaka & Hotokezaka 2013).
Eleven hours after the detection of GW170817, a kilo-
nova transient consistent with a binary NS merger was
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detected and intensively followed up for a few weeks
(AT2017gfo; Abbott et al. 2017e; Arcavi et al. 2017;
Coulter et al. 2017; Drout et al. 2017; Evans et al. 2017;
Kasliwal et al. 2017; Nicholl et al. 2017; Smartt et al.
2017; Soares-Santos et al. 2017; Tanvir et al. 2017). The
emission peaked in the UV and visible bands within
the first day. Subsequently, the kilonova reddened and
peaked in the near infrared (NIR) on a time scale of a
few days.
A long-lasting synchrotron remnant is suggested as an-
other promising electromagnetic counterparts to neutron
star mergers (Nakar & Piran 2011; Hotokezaka et al.
2016). Previous studies showed that such signals can
be produced by several different ejecta components, e.g.,
short GRB jet, cocoon, and dynamical ejecta (van Eerten
& MacFadyen 2011; Piran et al. 2013; Hotokezaka & Pi-
ran 2015). A synchrotron remnant has been detected
in X-ray, optical, and radio bands for GW170817 (Hag-
gard et al. 2017; Hallinan et al. 2017; Margutti et al.
2017; Mooley et al. 2017; Ruan et al. 2018; Troja et al.
2017; Alexander et al. 2018; Dobie et al. 2018; Lyman
et al. 2018; Margutti et al. 2018). Recently, Mooley et al.
(2018) and Ghirlanda et al. (2018) observed the super-
luminal motion of a compact radio emission region in
GW170817 and provided us with direct evidence of the
existence of a narrowly collimated off-axis jet.
5.1. Kilonovae
We compute synthetic kilonova light curves for the
non-viscous, standard resolution models presented in Ta-
ble 2 for which disk masses are available. We use the
semi-analytical kilonova model presented in Perego et al.
(2017a). The model accounts for different ejecta com-
ponents and their possible anisotropies. It assumes az-
imuthal symmetry around the rotational axis of the bi-
nary and reflection symmetry with respect to the orbital
plane. The polar angle θ is discretized in 30 angular bins
equally spaced in cos θ. Within each polar ray, the lumi-
nosity, radius, and temperature at the outer photosphere
are related through Stefan-Boltzmann’s law. Finally,
we compute AB magnitudes in different UV/visible/IR
bands assuming the distance of the source to be 40 Mpc.
Following Villar et al. (2017), we include a floor tem-
perature Tc for the photosphere. We assume all ma-
terial with temperature less than Tc to be transparent
so that the effective photosphere temperature is always
larger or equal to Tc (see, e.g., Barnes & Kasen 2013).
Guided by the values of Tc obtained by Villar et al. (2017)
for AT2017gfo for different ejecta components, we as-
sume a composition dependent Tc. For material having
Ye > 0.25 we set Tc = Tc,blue = 3000 K, otherwise we set
Tc = Tc,red = 1000 K.
Angular profile, expansion velocity, and electron frac-
tion of the dynamical ejecta are directly extracted from
the simulations. Where Ye is larger than 0.25, the
kilonova model assumes a Lanthanide-free gray photon
opacity κ = κblue = 1.0 cm
2 g−1. Otherwise we set
κ = κred = 30 cm
2 g−1.
For the secular ejecta we include both neutrino-driven
and viscously-driven winds. The mass of these two com-
ponents are assumed to be fixed fractions of the remnant
accretion disk, as outlined in Sec. 3.2.
The neutrino-driven wind part of the secular ejecta
is assumed to be uniformly distributed from the pole
(θ = 0) to θ = 60◦. This ejecta component is assumed
to expand radially with vrms = 0.08 c. We assume low
opacity κ = κblue for the part of the neutrino driven wind
at θ ≤ 45◦, which is found to be less neutron rich in
postmerger simulations (e.g., Perego et al. 2014; Martin
et al. 2015), while we set the opacity of the rest of the
neutrino-driven wind to be κ = κpurple = 5.0 cm
2 g−1,
since this part of the wind is expected to have a broader
distribution of Ye’s.
The viscously-driven wind is assumed to have a sin2 θ
distribution in mass as a function of the polar angle and
to expand homologously with vrms = 0.06 c. Due to
the expected broad and homogeneous Ye distribution of
this outflow component (e.g., Metzger & Ferna´ndez 2014;
Fujibayashi et al. 2018), we assume κ = κpurple at all
angles.
The model parameters discussed above, as well as
other parameters not explicitly mentioned, have been
calibrated using AT2017gfo in Perego et al. (2017a). We
refer to that study for a more detailed account of the pro-
cedure used to generate synthetic kilonova lightcurves.
In Fig. 24 we present synthetic light curves for
three representative binaries in three different bands.
The left panel shows a prompt BH formation case,
SFHo M144139 LK, the middle panel shows a short-lived
HMNS case, SFHo M135135 M0, and the right panel shows
a case where a black hole has not formed by the end of
the simulation, DD2 M140120 M0. In the latter case we
assume that the massive NS will not collapse within the
accretion disk lifetime. In a previous work, we have al-
ready speculated on the possible implications of a long-
lived or even stable massive NS on the kilonova light
curves (Radice et al. 2018a). We compute light curves in
a band in the visible part of the EM spectrum (g) and
in two NIR bands (z and Ks). These are chosen because
their effective wavelength midpoints satisfy the propor-
tion 1:2:4, and because they span a significant fraction
of expected detection range.
The SFHo M144139 LK binary undergoes prompt col-
lapse and forms a BH surrounded by a light accretion
disk with Mdisk = 9×10−4 M. In this case the ejecta is
predominantly of dynamical origin (Mej = 4×10−4M).
The outflow is neutron rich (〈Ye〉 = 0.18) and expands
rapidly (vej = 0.33 c). Despite the large effective pho-
ton opacity of the ejecta, because of the small mass and
fast expansion of the outflows, this binary produces a
rapid, but faint transient peaking within the first day of
the merger in all bands. Polar observers preferentially
receive radiation from lower opacity, but also lower den-
sity material. For these observers the kilonova fades even
more rapidly and is bluer.
The SFHo M135135 M0 binary produces a short-lived
HMNS. After its collapse a BH-torus system with a disk
of 0.0123 M is formed. We estimate that this binary
will eject . 3 × 10−3 M of material in the form of
secular ejecta, an amount comparable to that of the
dynamical ejecta, ∼4.2 × 10−3M. The resulting kilo-
nova transient peaks within a day in both g and z bands
and subsequently reddens. Because of the higher Ye of
the dynamical ejecta in the polar region, and because
of the presence of the neutrino-driven wind from the
disk, polar observers will see a marginally brighter kilo-
nova in the UV/visible bands compared to equatorial ob-
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Figure 24. Kilonova synthetic light curves in three different bands (g, z, and Ks) for three representative models. The left panel shows
a binary with prompt BH formation. The middle panel shows a binary forming an hypermassive massive NS (tBH = 7.7 ms). Finally,
the right panel shows a binary forming a long-lived supramassive NS (tBH > 34.2 ms). Solid and dashed lines correspond to polar and
equatorial viewing angles, respectively. Prompt BH formation binaries do not form massive accretion disk and result in faint and fast
transients. Longer-lived NS remnants are associated with the formation of more massive disks that are source of more abundant secular
outflows. They result in brighter kilonovae that evolve on longer timescales.
servers. Conversely, due to the larger amount of dynam-
ical and viscous ejecta close the orbital plane, equatorial
observers will receive a larger NIR flux.
The results are qualitatively different for the third bi-
nary, DD2 M140120 M0, which forms a long-lived remnant.
While the mass and the characteristics of the dynami-
cal ejecta from this binary are in line with that of the
SFHo M135135 M0 binary, the former produces a much
more massive disk (Mdisk ≈ 0.19 M). Consequently,
the secular ejecta dominates over the dynamical ejecta
in this case and the outflow is overall more massive and
has a lower expansion velocity. The ejecta are optically
thick for days and this results in more slowly evolving
light curves in all bands. The light curves in both the z
and the Ks bands present a double peak structure with
a first peak around 1 day and a second one at around 5-7
days depending on the inclination. The z band shows a
kink instead of a second peak, and both peak and kink
are shifted to earlier times compared to the two peaks
redder filters. These features are the result of the pres-
ence of different ejecta components: the dynamical and
neutrino-driven wind ejecta, which mostly determine the
early light curve, and the viscously-driven wind, which
dominates at late times.
The color evolutions for these models, exemplified by
the difference in magnitude between the g and Ks bands,
are shown in Fig. 25. All of the synthetic kilonova signals
show a fast evolution towards the infrared after about a
day from the merger. However, there are are significant
difference, between them. This suggests that the color
of the kilonova signal could be used to infer the outcome
of the merger. We remark that a similar point was also
made by Metzger & Ferna´ndez (2014) and Lippuner et al.
(2017). However, in our case the difference in the color
is purely due to the differences in dynamical ejecta and
disk masses, since we do not assume that long-lived rem-
nant produce disk winds with different compositions, as
instead argued by those authors.
We study the relative impact that each of the ejecta
components has on the kilonova light curve in the case
of the DD2 M140120 M0 binary. In addition to the “full”
light curve, which includes all ejecta components, we gen-
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Figure 25. Color evolution of the kilonova light curves computed
as the difference in the AB magnitude between g and Ks bands for
three representative models. Binaries forming HMNSs or dynami-
cally stable remnants power significantly bluer transients.
erate light curves in which, in turn, one of the ejecta
components has been removed. In doing so we assume
the viewing angle to be 45◦. The results are shown in
Fig. 26. We remind that our model does not simply add
contributions from the different components, but also ac-
counts for irradiation and reprocessing effects. Starting
from a few days from the merger the light curves are
dominated by the viscous ejecta, especially in the NIR
bands. This is not surprising, since this component dom-
inates the overall mass ejection. However, we find that
both the neutrino-driven wind and the dynamical ejecta
play an important role in determining the visible and
NIR light curves in the first days. The dynamical ejecta
is most important in the very first day, when the viscous
ejecta is still too opaque to contribute significantly. All
ejecta components are necessary to reproduce the light
curve properties in the UV and visible bands.
The presence of a polar component of the dynamical
ejecta irradiated by neutrinos could, in principle, impact
the properties of the kilonova emission. We study this
in Fig. 27 where we compare light curves obtained from
two binaries having the same NS masses and EOS, but
different neutrino treatments: BHBlp M135135 LK and
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Figure 26. Synthetic kilonova light curves for an observer located at 45◦ in the g (left), z (middle) and Ks (right) bands for the
DD2 M140120 M0 binary computed using different combinations of ejecta components: dynamical, “d”, neutrino-driven wind, “w”, and
viscously-driven wind, “s”. The comparison between the light curve obtained including all ejecta componetns (d+w+s) and light curves
obtained by neglecting in turn one of the components reveals the different roles of the components in shaping the light curves, at different
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Figure 27. Synthetic kilonova light curves in the g, z and Ks
bands for the BHBlp M135135 M0 and BHBlp M135135 LK binaries,
both in the polar (top panel) and in the equatorial (bottom panel)
directions. Because neutrino-driven winds from the disk dominate
the early light curve, the presence of a neutrino-irradiate compo-
nent of the dynamical ejecta only yields a modest . 0.5 mag change
of the color light curve in the first few hours after merger.
BHBlp M135135 M0. The angular distribution and com-
position of dynamical ejecta of these binaries are shown
in Fig. 4. The inclusion of neutrino re-absorption results
in an increase of the magnitude in the UV and visible
bands within the first few hours of the merger. How-
ever, these differences amount only to less than 0.5 mag,
even for an observer located along the polar direction.
The reason is that the overall UV/optical signal is ac-
tually dominated by the secular neutrino-driven wind,
while the dynamical ejecta is less important.
In general, we find that the high-latitude neutrino-
irradiated part of the dynamical ejecta has a very mod-
est impact on the kilonova light curve. Instead the
UV/optical signal is typically dominated by the secu-
lar neutrino-driven winds. There are two reasons for
this. First, the secular neutrino-driven wind dominates
the overall outflow of high-Ye material at high latitudes.
Indeed, only a small fraction of the dynamical ejecta
is directed far from the orbital plane and experiences
significant neutrino irradiation. Second, because of its
fast expansion, the lanthanides-free part of the dynam-
ical ejecta becomes transparent already a few hours af-
ter merger and does not contribute significantly to the
kilonova light curve afterwards. The situation is slightly
different for prompt collapse binaries for which the ac-
cretion disk masses are modest. However, in these cases
the effect of neutrino irradiation of the dynamical ejecta
is expected to be negligible.
A summary of the most important features of the
kilonova light curves in different bands is presented in
Fig. 28. For each binary in our fiducial subset of sim-
ulations we present the time, the magnitude, and the
width of the kilonova peak as a function of Λ˜ in three
different bands: g, z, and Ks. The peak width is de-
fined as the time interval around the peak over which
∆M = +1. We further distinguish between polar and
equatorial observers. Different symbols denote different
merger outcomes. There is a clear dependence of the
kilonova properties on the nature of the merger remnant
and on Λ˜. These trends, already anticipated by the three
representative cases of Fig. 24, are a consequence of the
dependence of the disk mass on Λ˜ (see Fig. 15) and of
the dominant role of the secular ejecta in determining the
properties of the kilonova. Faint and rapidly decreasing
kilonovae indicate the formation of BH via prompt col-
lapse, while bright and long lasting light curves in the
NIR bands are signatures of longer-lived remnants.
Figure 28 also reports the values or upper limits in-
ferred for AT2017gfo. The properties of the kilonova are
compatible with the formation of a massive NS that sur-
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Figure 28. Peak times (top), AB magnitudes (middle), and widths (bottom) in three phomometric bands (g, z, and Ks, moving from
left to right) of the kilonova synthetic light curves for our fiducial subset of simulations assuming a distance of 40 Mpc for the sources.
The peak width is defined as the time interval over which the AB magnitude increases by one across the peak. The dashed black lines
correspond to the values (or limits) obtained for AT2017gfo, the EM counterpart to GW170817. The horizontal extension of the lines
correspond to the 90% highest posterior density interval 300+420−230 for Λ˜ obtained assuming low-spin priors by Abbott et al. (2018b). The
peak times, magnitudes, and widths of AT2017gfo are obtained from Villar et al. (2017), Coulter et al. (2017), Smartt et al. (2017), and
Tanvir et al. (2017). BH formation (small Λ˜) results in faint and rapid transients. Longer-lived remnants (large Λ˜) are associated with
brighter luminosity in the UV/visible bands and longer lasting, more slowly evolving NIR signals.
vived for at least several milliseconds after merger, as
also argued by Shibata et al. (2017a). However, it is
important to emphasize that our theoretical models are
based on a number of assumptions that still need to be
verified with first-principle simulations, most notably the
assumption that a fixed fraction of the accretion disk is
unbound by winds.
The differences in the kilonova brightnesses have im-
portant consequences for their detectability. We consider
the limiting magnitudes reported in (Rosswog et al. 2017)
for the Large Synoptic Survey Telescope (LSST) in the
g and z bands, and for the Visual and Infrared Survey
Telescope for Astronomy (VISTA) in the Ks band and
assume exposure times of 60 seconds. Considering the
detection horizon for Advanced LIGO to be of 120-170
Mpc (Abbott et al. 2018c), we estimate that kilonovae
counterparts would be detectable for a large fraction of
the NS merger GW events. If a long-lived massive NS
is formed, then the kilonova would be dectable for all
GW events in both the g and z bands up to the horizon
distance of Advanced LIGO, and up to a luminosity dis-
tance of ∼90 Mpc in the Ks band. If, on the other hand,
a BH is rapidly formed after merger, then the kilonova
would only be detectable in the Ks band to distances of
30-50 Mpc, depending on the orientation of the binary.
Kilonovae associated with prompt BH formation are de-
tactable in the z and g bands in the entire Advanced
LIGO and Virgo volume, however their observation will
be challenging given their fast decline.
In Fig. 29 we show the difference in magnitude be-
tween the g and Ks bands for kilonovae at three different
epocs and as a function of Λ˜. Our results show that the
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Figure 29. Color of the kilonova light curves for all the fiducial
subset of simulations at three different times, as a function of the
binary tidal parameter Λ˜. Light curves are computed for an ob-
server located at a polar angle of 45◦. The color of the transient
at different times shows a significant correlation with Λ˜.
color evolution and properties previously described for
the three representative models are generic. Moreover,
there is a clear correlation between g −Ks and Λ˜ which
suggests that it might be possible to constrain the EOS
of NS matter with EM observations in different bands.
We want to stress that, while the correlations be-
tween kilonova light curve properties and Λ˜ document
in Figs. 28 and 29 appear robust, their quantitative de-
termination must wait until simulations self-consistently
including dynamical and secular ejecta from NS merg-
ers become available. The impact of viscosity on the
kilonova lightcurves is discussed in a companion paper
(Radice et al. 2018b).
5.2. Synchrotron remnants
We calculate the light curve of the synchrotron radi-
ation arising from the dynamical ejecta with the semi-
analytic method of Hotokezaka & Piran (2015). Accord-
ing to this model electrons accelerated in the shock be-
tween the ejecta and the ISM emit synchrotron radiation
in the amplified magnetic filed. The total flux density is
calculated by integrating the radiation flux from each
solid angle over the equal-arrival time surface. The ISM
number density n is a parameter of the model. The con-
version efficiencies of the internal energy of the shock
to the energy of the accelerated electrons and amplified
magnetic field are assumed to be e and B , respectively.
The initial velocity profile of the ejecta is given by map-
ping the three dimensional structure of the ejecta to a
one dimensional structure, then the ejecta are evolved
adiabatically.
Before discussing the numerical results, here we give
briefly the scalings of the peak time and peak flux with
the relevant physical quantities. The peak time of the
light curve can be estimated from the deceleration time
of the ejecta (Nakar & Piran 2011):
tdec∼3 · 103 day
(
Tej
1050erg
)1/3
(29)
×
( n
10−3
cm−3
)−1/3 ( vej
0.3c
)−5/3
,
where E and v are the ejecta kinetic energy and initial
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Figure 30. Radio light curves of the dynamical ejecta of
SFHo M135135 LK at 3 GHz. Here we assume the microphysics pa-
rameters to be e = 0.1, B = 0.01, and p = 2.16. Also shown
as open circles are the observed flux densities at 3 GHz of the af-
terglow in GW170817 (Hallinan et al. 2017; Mooley et al. 2017,
2018).
velocity8. The peak flux can be estimated as
Fν ∼ 10µJy
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D
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)−2 ( ν
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)− p−12
,
where p is the spectral index of the non-thermal elec-
trons.
As in the previous work by Hotokezaka et al. (2018b),
who used the results of high resolution merger simula-
tions performed by Kiuchi et al. (2017), we also find
that it is the fast component of the dynamical ejecta
with velocities of ∼0.3−0.8 c to predominantly produce
a synchrotron signal. Figure 30 shows the expected ra-
dio signals of the dynamical ejecta of SFHo M135135 LK
compared with GW170817. Here we calculate the light
curve with a similar method to Hotokezaka et al. (2018b)
and choose the number density of the ISM to be 10−4–
5·10−3 cm−3 as suggested by Mooley et al. (2018). While
the dynamical ejecta component is fainter than the ob-
served flux densities until ∼300 days, this component can
be detectable in radio and X-rays on time scales of a year
to ten years in the optimistic case. The peak flux density
depends also on the EOS and it is fainter for the cases of
DD2, BHBΛφ, and LS200 because the kinetic energy in
the high velocity component is lower than that of SFHo
(see Eq. 31 for the scaling).
The synchrotron remnant arising from the dynamical
ejecta may be detectable in future GW events if the
ISM density is large enough. For instance, radio coun-
terparts with a flux of & 100µJy can be detectable by
blind survey with VLA, ASKAP, and MeerKAT when
the GW localization area is better than ∼30 deg2 (Ho-
tokezaka et al. 2016). Of course, if the host galaxy
is identified by finding other EM counterparts, the de-
tection limit is reduced to a few tens of µJy. Figure
31 shows the expected light curves for DD2 M135135 LK
and BHBlp M135135 LK at 3 GHz, assuming a distance
8 This deceleration time is measured in the merger rest frame.
The difference between this time and observer time is about a factor
of a few.
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Figure 31. Radio light curves of DD2 M135135 LK and
BHBlp M135135 LK at 3 GHz. The distance to the source and ISM
density are assumed to be 100 Mpc and 0.1 cm−3, respectively.
Here the microphysics parameters are set to be e = B = 0.1 and
p = 2.5.
of 100 Mpc and density of 0.1 cm−3. Note that the ra-
dio flux of SFHo M135135 LK is brighter than both mod-
els under the same condition (density, distance and mi-
crophysics parameters). Therefore, the radio afterglow
arising from the dynamical ejecta can be detectable for
SFHo M135135 LK and BHBlp M135135 LK if a merger oc-
curs within 100 Mpc and the surrounding ISM density of
& 0.1 cm−3.
It is worth noting that differences in the high den-
sity part of the EOSs lead to large differences in the
expected light curves. For example, as shown in Fig. 31,
BHBlp M135135 LK results in the radio flux that is much
brighter than that of DD2 M135135 LK, even though these
EOSs share the same form up to around the nuclear sat-
uration density. The reason is that BHBlp M135135 LK
produces a larger amount of fast-moving ejecta because
of the more violent merger dynamics due to the appear-
ance of Λ hyperons at high densities (see Fig. 9). There-
fore, we may be able to constrain the neutron star EOS
using the observed light curves of the synchrotron rem-
nants of future GW events.
The impact of viscosity on the synchrotron lightcurves
is discussed in a companion paper (Radice et al. 2018b).
6. CONCLUSIONS
We have performed 59 full-GR NS merger simulations
employing a microphysical treatment of the NS mat-
ter and including compositional and energy changes due
to the emission of neutrinos. A subset of our simula-
tions also included a treatment of neutrino re-absorption
and/or of the effective viscosity due to MHD turbulence
in the stars. This is the largest set of NS simulations with
realistic microphysics to date. Our studies focused on the
ejection of material during and after the mergers, and on
the associated nucleosynthetic and EM signatures.
6.1. Mass Ejection
We find that material is ejected on a dynamical
timescale during the mergers due to the combined effects
of tidal torques, shocks, and neutrino heating. Tidally-
driven ejecta flow close to the orbital plane of the binary,
have low entropies (∼10 kB per baryon), and are very
neutron rich, with electron fraction ∼0.1. Shock-driven
ejecta have broad distributions in entropy and electron
fractions, and are distributed over a broad ∼60◦ angle
from the orbital plane. Neutrino driven winds are emit-
ted preferentially close to the polar axis and have electron
fractions in excess of 0.25. In accordance with previ-
ous studies using approximate GR and/or approximate
microphysics (e.g., Hotokezaka et al. 2013b; Bauswein
et al. 2013), we find that the most conspicuous episode
of mass ejection is triggered by the centrifugal bounce
of the merger remnant shortly after merger. Overall, we
find dynamical ejecta masses of few times 10−3M with
average electron fractions . 0.25, and average entropies
in the range 10−30 kB per baryon.
The mass of the dynamical ejecta has a large numeri-
cal uncertainty. From the comparison of low- and high-
resolution data, we estimate the relative error in its de-
termination to be as large as 50%. Even larger discrep-
ancies of a factor of a few are found when comparing
with and among results published by different groups
(Bauswein et al. 2013; Sekiguchi et al. 2015; Lehner et al.
2016; Bovard et al. 2017). On the other hand, the inten-
sive properties of the ejecta, e.g., asymptotic velocity,
composition, etc., appear to be robust with resolution.
We have studied the dependency of the outflow prop-
erties on the NS masses and EOS. Following Dietrich
& Ujevic (2017) we have constructed fits of the ejecta
mass and velocity in terms of the NS masses and com-
pactnesses. These capture some of the qualitative trend
of our data reasonably well, especially for the ejecta ve-
locity. However, the fitting coefficients we infer from our
data are significantly different from those of Dietrich &
Ujevic (2017). This is not too surprising given that most
of the simulations used by Dietrich & Ujevic (2017) em-
ployed idealized microphysics and neglected weak reac-
tions, which likely resulted in the overestimation of the
ejecta mass (Radice et al. 2016b). We also find that there
are systematic effects not captured by these fits. One of
the main reasons is that the strength of the bounce of the
merger remnant, an important parameter determining
the ejecta mass, depends on details of the EOS at higher
densities and temperatures than those determining the
fitting parameters. Accurate models of the dynamical
ejecta mass could have important applications to mul-
timessenger astronomy and, indeed, the fits of Dietrich
& Ujevic (2017) have already been applied, with small
variations, to GW170817 (Abbott et al. 2017b; Cough-
lin et al. 2018). However, our results indicate that more
work and better simulations will be required to build
truly quantitative ejecta models.
Our results indicate that soft NS EOSs predict larger
ejecta masses, at least in the range of mass ratios we
have probed, in accordance with previous results (Ho-
tokezaka et al. 2013b; Bauswein et al. 2013; Lehner et al.
2016; Sekiguchi et al. 2016; Dietrich et al. 2017b; Bo-
vard et al. 2017). EOS effects are also imprinted in the
ratio between the masses of the tidal and shock-heated
components of the ejecta. However, we do not find any
clear correlation between ejecta mass and velocity and
the tidal deformability of the binary Λ˜. Consequently,
it appears to be impossible to directly constrain the NS
EOS from measurements of the dynamical ejecta. On
the other hand, dynamical ejecta measurements might
help to break degeneracies in the other binary parame-
ters and, in this way, they might improve the constraints
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on the tidal deformability of NSs indirectly.
We have analyzed the geometry of the outflows and
found that it depends on the relative amount of tidal- and
shock-driven ejecta, as does the average electron frac-
tion. Consequently, we find that there is a correlation
between the rms opening angle of the ejecta and their
average electron fraction. This suggests that it might
be possible to indirectly constrain the composition, and
hence the nucleosynthetic yields, of the dynamical ejecta
by combining observations of similar binary systems with
different orientations.
We have computed the velocity distribution of the dy-
namical ejecta and found that shocks during and shortly
after merger can accelerate a small fraction of the ejecta
∼10−6M to asymptotic velocities in excess to 0.6 c.
This fast moving material is preferentially located close
to the orbital plane, presumably because of the oblate
shape of the merger debris cloud into which the acceler-
ating shocks propagates. It is also distributed in a very
anisotropic fashion. The amount of material reaching
these high velocities depends on the binary parameters
and on the EOS. Binaries with compact NSs typically
produce significantly more of this fast-moving component
of the outflow. When comparing binaries simulated with
the BHBΛφ and DD2 EOSs, we find that the former
systematically predicts a larger mass of the fast mov-
ing ejecta by a factor of a few. This is because, even
though BHBΛφ and DD2 predict identical NS structures
for most of the binaries we have considered, the former
softens due to the appearance of Λ-hyperons after merger
and predicts more violent bounces (Radice et al. 2017).
We find that binaries with remnants that are stable
for at least several rotation periods after merger re-
sult in the formation of massive ∼0.1−0.2M accretion
disks. Conversely, BHs formed promptly after merger,
i.e., within ∼1 ms, are endowed with rather light accre-
tion disks ∼10−3M. More in general, the accretion
disk masses are found to depend on the lifetime of the
remnant and to correlate with the binary’s tidal deforma-
bility (Radice et al. 2018c). It is expected that neutrino-
and viscously-driven outflows will carry away a signif-
icant fraction ∼10−50% of these accretion disks on a
timescale of a few seconds after the end of our calcula-
tions (Metzger & Ferna´ndez 2014; Just et al. 2015; Siegel
& Metzger 2018; Fujibayashi et al. 2018; Ferna´ndez et al.
2018). Accordingly, these secular outflows are expected
to be the dominant component of the ejecta. For this rea-
son, kilonova observations can be used to constrain the
accretion disk masses (Perego et al. 2017a) and binary
tidal deformabilities (Radice et al. 2018c).
6.2. Nucleosynthesis
We have computed the nucleosynthetic yields of the dy-
namical ejecta. We find that second and third r-process
peak isotopes, i.e., with A & 125, are robustly produced
with relative abundance close to solar. However, the rel-
ative abundance of light r-process elements, i.e., with
90 . A . 125, and second and third peak isotopes are
sensitive to the binary masses, weak reactions, and, to a
lesser extend, to the NS EOS.
We find that, for binaries close to the prompt BH for-
mation threshold, different EOS predict different ratios
of tidal- and shock-driven dynamical ejecta and, conse-
quently, different relative abundances of light r-process
elements and second and third peak r-process elements.
In particular, the LS220 and DD2 EOSs predicts that
high mass binaries should produce a smaller relative frac-
tion of light elements compared to low mass binaries,
while the BHBΛφ and SFHo EOSs have the opposite
trend.
The absorption of neutrinos has a large impact on the
composition and yields of the outflow. When neutrino
absorption is included, the ejecta distribution in electron
fraction become broad and Ye’s of up to 0.4 are reached.
The dynamical ejecta from comparable mass binaries in
simulations that included neutrino re-absorption produce
r-process isotopic abundances close to solar. If neutrino
re-absorption is not included, instead, light r-process el-
ements are underproduced in our simulations. The iso-
topic abundances in the region of the first r-process peak
are also sensitive to details of the neutrino treatment,
such as the assumptions made for the incoming neutrino
energy. This points to the need for simulations including
energy dependent neutrino-radiation treatments. This
will be the object of future work.
The binary mass ratio also impacts the production of
first-peak elements, with unequal mass systems under-
producing elements with 90 . A . 125. We find the
relative yields to depend on the mass ratio almost as
sensitively as on the neutrino treatment.
The secular ejecta is expected to be an important, if
not dominant, component of the overall outflow, espe-
cially in the case of long-lived remnants or when mas-
sive disks are formed. Consequently, the secular ejecta
should be taken into account when estimating the nucle-
osynthetic yields from NS mergers. Presently, however,
we can only speculate on the nucleosynthesis from this
component. Long term merger and postmerger simula-
tions will be required to construct self-consistent models.
We leave this to future work.
We have estimated the r-process nucleosynthesis yields
using the simulation data extracted at a fixed radius
of 300G/c2M ' 450 km and used precomputed yields
from parametrized trajectories. This is the same strat-
egy we employed in Radice et al. (2016b). As part of
our analysis, we have now validated this procedure by
comparing with a more computationally expensive anal-
ysis done with Lagrangian tracer particles. We find the
nucleosynthesis to be rather insensitive to the detailed
thermodynamical history of the tracer particles. The
electron fraction of the material does not significantly
evolve between the time we record it at 300G/c2M
and when the temperature drops below 6 GK and the r-
process begins. On the other hand, we find that, due to
advection errors in the position of the tracer particles, the
Ye distribution inferred from the tracers can differ quan-
titatively from that inferred from the grid data at the
same radius. Overall, however, the differences between
the results obtained with the two methods are well below
those associated with other sources of uncertainty, most
notably the treatment of neutrino radiation.
6.3. Electromagnetic Counterparts
We have computed synthetic kilonova light curves for
all our models using the model of Perego et al. (2017a).
Our light curve model is informed using the detailed an-
gular structure of the outflows, density, velocity, and
composition, as extracted from the simulations. These
29
have been augmented with the inclusion of secular ejecta
composed of neutrino-driven and viscously-driven winds
which we assume to entrain 3% and 20% of the disk,
respectively. These values are motivated by recent long-
term postmerger simulations (Perego et al. 2014; Martin
et al. 2015; Just et al. 2015; Metzger & Ferna´ndez 2014;
Just et al. 2015; Siegel & Metzger 2018; Fujibayashi et al.
2017, 2018; Ferna´ndez et al. 2018).
Binaries resulting in prompt BH formation have kilo-
novae dominated by the dynamical ejecta. These peak
at about a day after merger and then rapidly decline.
They are also very red, with g−Ks ' 10 mag three days
after the merger. As the merger remnant lifetime in-
creases, so does the disk mass, and hence the associated
kilonovae become increasingly dominated by radiation
coming from the secular ejecta. These kilonovae peak on
longer timescales of few days to a week and are bluer,
with g − Ks ' 3−7 mag three days after the merger.
This suggests that kilonovae observations could be used
to probe the lifetime of the merger remnant. A similar
suggestion was also put forward by Metzger & Ferna´ndez
(2014) and, more recently, by Lippuner et al. (2017).
They argued that longer lived remnants should result
in bluer kilonovae because of the neutrino irradiation of
the ejecta from the central remnant. This is expected
to lower the electron fraction of the outflow below the
threshold needed for the production of lanthanides re-
sulting in a drop of the photon opacity of the material.
The phenomenon we find goes in the same direction, but
is physically distinct since it arises from the correlation
between disk masses and remnant lifetimes and not from
changes in the ejecta photon opacity, which we have kept
constant instead.
Since for most binaries the kilonova signal is domi-
nated by the secular ejecta, the effect of the inclusion of
neutrino re-absorption in the modeling of the dynamical
ejecta has only a modest impact on the kilonova signal.
Moreover, since remnants disk masses strongly correlate
with binary tidal deformabilities, the peak properties of
the kilonovae, peak time, magnitude, width, are found
to depend sensitively on Λ˜. This suggests that kilonovae
observations could be used directly to probe the EOS of
NSs. However, it is important to stress than this correla-
tion is in part due to our assumption that a fixed fraction
of the accretion disk is ejected after merger. Long-term
simulations of the evolution of postmerger remnants are
necessary to verify if this assumption is valid, or whether
light and massive postmerger disks evolve in quantita-
tively different ways.
We have computed the synchrotron radio signal ex-
pected from the interaction of the ejecta with the ISM
using the model of Hotokezaka & Piran (2015). The radio
fluence and the timescales over which the radio remnant
evolves depend sensitively on the ISM density, and on
the kinetic energy and the detailed velocity distribution
of the ejecta.
We find that some of our models predict a rebright-
ening of the synchrotron signal from GW170817 on a
timescale of months to years from the merger, when the
emission from the ejecta will start to dominate over the
emission coming from the SGRB jet.
Depending on the ISM density and the orientation of
the binary, it could be possible to detect the radio sig-
nal due to the interaction of the ejecta with the ISM on
timescales of weeks to months after merger at distances
of up to ∼100 Mpc. These observations would allow us to
probe the velocity distribution of the ejecta and, hence,
the violence with which the merged objects bounces back
after the NS collision. The latter, in turn, depends on
the EOS of matter at several times nuclear density. For
instance, due to the appearance of Λ hyperons after the
merger, the BHBΛφ EOS predicts more violent mergers
and brighter radio flares by up to two orders of magni-
tude compared with the DD2 EOS from which it only
differs at high densities due to the inclusion of hyperons.
This suggests that radio flares could be used to probe the
EOS of NSs in a regime that is not accessible with GW
observations of the inspiral alone9.
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Figure 32. Dynamical ejecta sensitivity to resolution. Left panel : electron fraction. Right panel : asymptotic velocity. The total ejecta
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be robust.
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APPENDIX
FINITE-RESOLUTION EFFECTS
Here we discuss uncertainties in the ejecta mass, velocity, and composition due to finite-resolution effects. The mass
of the dynamical ejecta has not yet reached convergence at the resolution adopted in our simulations. As can be seen
in Table 2, the dynamical ejecta mass shows moderate variations and changes in a non monotonic way as we vary
the grid resolution. Consequently, our estimate for the ejecta mass should only be considered as semi-quantitative.
We estimate the relative uncertainty in the ejecta mass due to finite-resolution effects alone to be as large as 50%.
We remark that, as discussed in Sec. 3.1, the differences between ours and other published results, as well as between
results published by different groups, are even larger (see also Table 3).
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Despite the significant uncertainty in the total ejecta mass, we find the other properties of the outflow, velocity,
composition, entropy, to be robust with resolution. As an example, we show in Fig. 32 histograms of the ejecta as a
function of Ye and of the asymptotic velocity for the SFHo M135135 LK binary. The robustness of the ejecta properties
suggests that, while the overall morphology of the outflow streams are well captured by the simulations, there are
stochastic variations, for example resulting in the fallback of some of the material in these streams due to interaction
with the merger debris, that affect the overall amount of matter entrained by these outflows (see also the discussion
in Bauswein et al. 2013).
TREATMENT OF THE VISCOUS FLUXES
The GRLES approach requires the inclusion of the term ∂j(
√−gτ ij) in the fluid momentum equations. This
numerical derivative needs to be carefully treated to avoid the odd-even decoupling instability. To this aim we
introduce the left and right biased finite differencing operators
∂±i u = ±
u(x± hei)− u(x)
h
, (B1)
where ei
j = δi
j are the coordinate basis vectors and h is the grid spacing. For the covariant derivatives we use the
finite-differencing operators
D±i u
j = ∂±i u
j + Γ ik
j uk , (B2)
where Γ ik
j are the Christoffel symbols of the Levi-Civita connection associated with the spatial metric γij . These are
computed using a standard centered 2nd order finite-differencing operator.
Using the biased finite-differencing operators we define
τ±ij = −2 νT (ρ+ p)W 2
[
1
2
(
D±i vj +D
±
j vi
)− 1
3
D±k v
kγij
]
. (B3)
Then we discretize the divergence of τ ij as
∂j(
√−gτ ij) ' 1
2
{
∂−j
[√−g (τ+)ij]+ ∂+j [√−g (τ−)ij]} . (B4)
It is easy to verify that this yields a flux-conservative scheme. Exact conservation is also ensured at refinement level
boundaries using the flux correction algorithm of Berger & Colella (1989) as implemented in Reisswig et al. (2013a).
